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ABSTRACT .
j1367

Aerodynamic experiments with tektite glass demonstrate that,
subsequent to the termination of ablation, high thermsl stresses are
formed within a thin outer shell. This shell spontaneously spalls,
léa.ving a core shaped like many of the tektites found in Billiton,
Java, Philippines, and Australia. Certain tektite fragments from Jave
and Australia are shown to have the same internal stress patterns as
pieces of aerothermel stress shell. The over-all evidence indicates
that the Australasian tektites descended into the atmosphere as rigid
obJects of glass.

Core shapes found in the extreme southwest pert of Australia
surprisingly are more like those found in the Phi;.ippines than in other
areas of Australia; comparisons of chemical analyses and of specific
gravity population polygons reveael the same striking circmsta.nces. It
is concluded that all Austré.lasian tektites repreéent a8 single event.

‘A study of tektite forms, in relation to results from laboratory
experiments, indicates that the temperature of formation of primary

shepes varied progressively across the Australasian strewnfield. The

*Paper presented at Second Internationsl Symposium on 'I'ektites,>
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sculpture on certain australites provides & record of tumbling during
entry into the earth's atmosphere. The effect of turning on the deter-
mination of entry trajectories is discussed, and new evidence is pre-
sented pertéining to the deceleration which existed when eblation termi-
nated on the asustralites. The trajectory determinations correspond to
an origin from.the moon.

Numerous trajectories from the moon to earth have been studied with
a high-speed electronic digital computer. The relative probability of
such trajectories is about 1/200 for the moon as a whole, and 1/60 for
certain crater locations. A comparison of the geographical spread of
the Australasian tektites with the earth laﬁding patterns for lunar
material ejected within the azimuthal dispersion observed of lunar rays,
and within the elevational dispersion measured in hypervelocity impact

experiments, indicates mutual compatibility. JuT it oR
INTRODUCTION

New evidence.pertaining to the formation of tektites has been
obtained from several different methods of investigation. One source
of evidence 1s based on observations of tektites made during a field
trip in Sept. - Dec. 1962 to Australia, Indonesia, southeast Asia, and
the Philiépines. In order to provide a basis for interpreting this
observational evidence, verious leboratory experiments and analytical
investigations have been conducted. These pertain mainly to phenomens
encountered by tektites during entry into the atmosphere. Since a con-
siderable body of physical evidence has pointed to trajectories coming

directly from the moon as the path of tektite flight (Chepmen and Larson,
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1963) camputations have been made of a number of ‘such trajectories
starting from verious places on the moon. These rather diverse topics -
field observations » labaratory aserodynamic experiments, and moon-ea.rthl
trajectory celculations - are described in separate parts of this paper.

Among the many different groups of Australasian tellv:t.ites, only the
australites and javanites heretofore have been proven to exhibit unmis-
takable eserodynamic evidence. Since these two groups cqnprise less than
10 percent of the Australasian tektites, an imp'm'ta.nt question arises as
to why the vast nﬁ,‘]ority of these tektites does not exhibit equally plain
aerodynamic evidence. The apparent absence of sblation merkings on tek-
tites from the Philippines, southeast Asia, and Billiton has led some
sclentists to presume that these tektites, unlike the australites and
Javenites, were not ablated as rigid bodies during a hypervelocity
descent into the é.tmosphere ; and, hence, must have been formed same-
vhere near the northern areas of the strewnfield rather than far away.
Consequently, it was one of the principal objectives of the field trip
to lock for serodynamic evidence on tektites fram these areas.

Fram observations that a certain type of tektite core i1s found
throughout Australasia, & lead was obtained on the form which aerodyf
namic evidence tekes on such tektites. In order to investigate this
evidence more thoroughly, various thin sections were sliced from tektites
and from models ablated by serodynamic heating. A study of these sections,
a8 developed in part I of this paper, provides an explanation of what has
he.ppened to the aerodynamic evidence on tektite cores. Inasmuch as these
results lead to a unified picture of rigid-body ablation on all of the

tektites scattered from Australis to the Philippines, various other evidence
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is discussed in part I which pertains to the unity of the Australasian
tektites. This latter evidence is drawn from tektite sculpture, chemical
composition, and specific gravity populastion polygons

In part II of this paper, some new results pertalning to the atmos-
phere entry asnalysis of australites are presented. These results,
obtained subsequent to a previous publication (ibid.), relate to the
effecfs of preentry turning on the amount of ablation, the effect of
body'forces on ring-wavg spacing, and the effect of deceleration on flange
flattening. Such effects have a significant bearing on the determination
of entry trajectories -~ and hence origin - of the tektites; and their
inclusion in the atmosphere-entry analysis enables sharper limitations
on entry trajectories to be obtained than in previous investigations.

The hypotheéis of tektite origin through direct moon-to-earth
trajectories has never been enthusiastically received, and anumerous
"objections" to such an origin have been advenced. But no hypothesis
of tektite origin has appeared fully satisfactory, and the tektite lit-
erature is full of objections to all suggested origins. Many such objec-
tions appear to be based more on intuitive expectations than on either
rigorous calculations or experimentel observetions. In the case of direct
origin from the moon, two such objectlons are that the esﬁimated prdbﬁ
ebility is too low, aﬁd the expected geographical distribution is wrong.
It is the author's view that such an origin hes been too hurriedly dis-
missed on these grounds, especially in a recent paper by Urey (1962).
Consequently, in order to determine whether such objections are valid,
numerous calculations on a high-speed electronic digital computer have
been mede of moon-to-earth trajectories. These results are presented in

part III of this paper.
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Throughout this paper an asbbreviation is used in identifying the
tektite c'oIL'Lection associated with each specimen individually referred
to. A specific tektite is identified by the museum or collection number

prefixed by one of the following sbbreviations:

A.M. Australian Museum, Sydney

G.B. George Baker collection, Melbourne

G.-M.M f}eological and Mining Museum, Sydney

N.M.V. National Museum of Victoria, Melbourne

N.A. NASA Ames Research Center, Moffett Field, Calif.
R.G.M. Rijksmuseum van Geologle en Mineralogie, Ieiden
S.A.M. South Australien Museum, Adelaide

U.M.G.D. University of Melbourne Geology Department, Melbourne

U.S.N.M. United States National Museum, Washington, D. C.

vV.K. von Koenigswald Collection, Utrecht

W.A.M. West Australian Museum, Perth

The research described in this paper includes contributions of many

individuals to whom acknowledgement is gratefully made. Numerous tektites
providing the observational data on core sculpture generously were loaned
by Mr. Duncan Merrilees of the Western Australian Museum, Mr. Lloyd Marshall
of the Daily News, Perth, Mr. E. D. Henderson of the U. S. National Museum,
and Mr. C. J. Overweel of the Rijksmuseum, Leiden. Some of the tektites
from which thin sectlons were made were provided by Dr. D. W. P. Corbett
of the South Australisn Museum, Mr. R. O. Chalmers of the Australian
Museum, Mr. H. P. Whitworth of the Geologicel and Mining Museum in Sydney,
Professor G. H. R. von Koenigswald of the University of Utrecht, and

Mr. Roy S. Clarke, Jr., of the U. S. National Museum. Essential
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contributions to the observational data, the laboratory experiments,

and the theoreticel computations were mede by various collesgues of

the author at the Ames Research Center: by Mr. Howard K. larson who
accompanied the writer on the field trip to tektite collections; by

Mr. Normsn Zimmerman who conducted the centrifuge experiments on flange‘
formation; by Mr. Frank Centoianzi who conducted the experiments on sur-
face tension and rate of vaporization of tektite glass; by Mr. George Lee
who conducted the experiments on primary shape formation; by

Mr. Fred Matting who assisted with the ablation calculations; and by

Mr. Donald Geult and Dr. William Mersman who provided key contributions

to the computational program used in the studies of moon-earth trajectories.
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PART I - UNITY OF AUSTRAIASTAN TEKTITES

Unity of Chemistry

Previous studies of the chemical composition of Australasian tektites
are summerized in the recent papers of Chao (1963) and Schnetzler and
Pinson (1963). In these studles tektite analyses from different coun-
tries have been compared rather thoroughly, although without a specific
gulde as to which areas within Australasia might correspond to common
populstions. The geographic distribution of these tektites is illustrated
on the map of figure 1. The objective of this section is to compare
analyses reported in the literature for the Manila Bay tektites with
analyses for the australites from so&bhwest‘ Australia. These two par-
ticular areas have the same population polygon of specific gravity
(Chapman, iarson, and Scheiber, 1963). Hence, if the interpretation
1s correct that tektites from these two widely separated areas origi-
neted from a common batch mixture thet wes melted, disrupted, and then
widely strewn, it wculd be anticipated thaet they also should exhibit s
common composition, at least of the major chemical elenenfs.

Table I presents a campilation of chemical enalyses pertinent to
the present objective. In the two colums at the left of this table,
the averasge of 17 a.na.]yseé avalleble for Manile Bay tektites ié campared
with the aversge of T analyses avalleble for australites from southwest
Australia. It is evident that the average major-element chemistry of
these two tektite groups is virtuslly the same, even though the distance
between the two areas spans almost the entire Australssian strewnfield.

Moreover, this cldse_ correspondence of chemistry between Manila and
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southwest Australia also 1s reflected in individual analyses of tektites
having the same silica content, as may be seen by comparing in table I
the third column representing & Manila Bay philippinite of 69.3-percént
. 8ilica with the fourth column representing a southwest australite of
69.0-percent silica. Both of these analyses (3965 from Senta Mese,
Manila, and 4215 from Nullarbor Plains) were made in the same lsboratory
by Schnetzler and Pinson.

The observe.d coincidence of tektite chemlstry between two widely
separated locelities which also exhibit coincident population polygons
of specific gravity demonstrates that, among the many distinguisheble
clusters which showered over the Australasian portion of the globe, at
least one was dispersed from essentially the northern to the southern
extremity of the strewnfield. The congruity of tektite population in
Manila Bay and southwest Australia leads to & certain interpretation in
the light of contrasting differences observed between tektite clusters
found relatively close together in Australasia. From our population
Polygons 1t has been esteblished that much greater differences commonly
exist between the clusters in a given country than between eithef south-
west Australis and Manila, or between central Australia (Charlotte Waters)
and Java. There is additional chemical evidence pointing to the same
odd circumstences: the chemical enalysis given in teble I for Florieton,
which corresponds to & silica content typical for southwest Australis,
differs greatly from a typical analysis from southeast Australia, yet is
strangely close to the analysis of a Muong Nong tektite in Thailand, some
7000 km away. A tentative interpretation of these circumstances is that

the Australasien tektite swarm aerrived neesr the earth in the form of many
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distinguishable clusters, some of which were strumng out in an interrupted
string-like fashion over lengths comparable to the mxinmm expanse of the
Australasian fall (the order of several thousand kilometers), while being
spread in width over dimensions comparable to the minimm distance between
localities which exhibit clearly diétinguishable popﬁlation polygons (the
order of several hundred kilometers).
Continuity of Tektite Core Sculpture
Across Australssia

A picture of the mechanism by which tektite cores were produced has
been developed f‘rom_ observations of the formastion and behavior of an
serothermel stress shell. Such & shell is produced in the latter stages
of an entry flight as the front face is rapidly cooled to temperatures
below the strain temperaturé of tektite glass. Under certain conditions
of size, of entry trajectory, and _of tektite compositlion, this shell
spontaneously spalls, leaving a tektite core. When the aerodynamic tra-
Jectory factors affecting the aerothermal stresses are considered together
with the subsequent effects of prolonged terrestrial etching, an expla-
nation is cobtained for the existence of a commion type of tektite core
throughout Australesia. An outline of the evidence leading to this inter-
pretation is developed in the present section.

Aerotherme)l stress shell.- That severe residusl thermel stresses

are induced within an outer shell under the front face of a tektite during
the latter stege of its descent through the atmosphere mey be illustrated
from computations of the tempersture distribution at various intervals

of time after eserodynamic ablation terminates. An example is presented

in figure 2 for the following conditions: initiasl entry velocity
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Vi = 11 km/sec, initial entry angle 7y, = 30° from the horizontal, and
tektite glass of density p = 2.40 gm/em®. In meking such calculations,
as noted elsewhere (Chapman and Larson, 1963), the transport of heat by
internal radiation and. thermal conduction is computed as a function of
time during the entire entry flight. Also; the corresponding variations
in flight velocity, atmosphere density, flight-path angle, ballistic
drag parameter (m/CDA, where m = mass, Cp = drag coefficient, and

A = projected frontal area), and front surface radius of curvature Ry
automatically are calculated as a function of time by & high-speed digi-
tal computer (IBM 7094) programmed to solve simultaneously the combined
system of differential equations of aerodynamic ablation and of trajec-
tory motion. The post-gblation temperature history along the axis of
symetry, as illustrated in figure 2, is characterized by rapid cooling
of the front face. For tektite glass of density p = 2.40, the strain
temperature is about 650° C (923° K), and the annealing temperature,
about 700° C (973° K). When decreassing through this annealing temper-
ature range the temperature variation is lﬁrge, and the front-face
surface temperature in the partiéular example illustrated is cooling

at sbout 58° ¢ per second - such conditions would induce pronounced
thermal stresses within a shell under the front surface. Since the
strain temperature represents the temperature up to which a glass may be
heated and rapidly cooled without inducing residual strain, it is seen
from figure 2 that the aerothermal stress shell would extend in this par-
ticular example to a depth of about 2.4 mm. Since the front layer is

heated well above the annealing temperature and solidifies at dimensions
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commensurate with the relatively cool and rigid interior, it develops
tensile stresses as 1t further cools to ambient temperature. Tensile
stresses in glass, of course, are prone to structural failure.

The pattern of aerothermsl stresses would be compounded with any
other stresses existing prior to entry. An initial stress pattern is
established when the primary tektite shapes cool in space subsequent
to their fusion during formation. (It has been demonstrated previously
that the formation of essentially undeformed spheres of molten tektite
glass, such as represented by some of the primary a.l’zstra.lites , must
have teken place in a near vacuum (ivid., pp. 4315-4324).) Also, a
localized stress pattern is formed around chemically inhomogeneous
inclusions and striae bﬁnds. In some"tekfiﬁes the aerothermsl stresses
are considérably obscured by these othér stresses.

As might be anticipated, the entry angle into the atmosphere has an
important effect on the thickness of the aerothermsl stress shéll and on
the magnitude of the residual thermal stresses. For steep enmtry the
duration of heating is short, the stress shell thin, and the rate of

cooling repid. The results of computations similar to those presented
| in figure 2, only for various entry angiés, 11lustrate these circumstsnces
(74 1s measured relative to the horizontal; Viell km/sec) .

Cooling rate of front

Entry angle Thickness of stress face in eannpeal range
71, deg shell, tg, mn (aTg/at), deg/sec
6 k.o 21
20 2.7 k9
30 - 2.k 58
45 2.1 ' 80
90 1.8 120
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From these results 1t is to be expected that the residual serothermsl
stresses will increase as thé descent becomes steeper. It is important
to note, however, that the results tabulated above and the features
exhibited by the temperature profiles in figure 2 are representative

of tektites of core size, or of large buttons, but not of small buttons
or lenses. Within & small tektite, especially for relatively shallow
descents, the front and base heating profiles merge, the tektite is
heated throﬁghout to temperatures esbove the strain temperature, and the
aerothermal stress pattern extends from front to base. Under such cir-
.cumstances the clearly demarked, thin, serothermal stress shell charac-
teristic of core-size tektitesg would not exist. Only for a very steep
entry would such a shell be found on small tektites.

The thermal stress patterns induced by aerodynamic ablation are
prominently displayed when a thin section is placed between cross-polarized
sheets. Aerothermal stresses are clearest when produced in synthetic
tektite glass, because such glass is essentially free from secondary
stresses associated either with chemical inhomogeneities or with a first
period of melting. Some instructive examples are illustrated in figure 3.
Each section is a meridional one of constant thickness (0.5 or 1.0 mm),
oriented so that the relative air stream would be from left to right.
Stresses are revealed by the presence of light areas, since unstressed
gless would eppear dark under cross-polarizetion. Examples in the top
row represent synthetlc tektite glass models ablated by aerodynamic heat-
ing in an arc jet (a is model STG-2S, b is SJ-E, and ¢ 1s SJ-C); while
exemples in the lower row represent natural tektites (d and e are

Sangiran javanites obtained from G. H. R. von Koenigswald, and f 1is a
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. Nullarbor Plains australite obtalned from the American Meteorite
Laboratory). It is important to note that the lens-shaped areas at the
base of models & and b remain dark as these sections are rotated in
their own plané; such areas, therefore, have not been stressed by sero-
dynamic heating. In example a _the thickness of the aserothermal stress
shell 1s seen to be abouf 2 mm, and in example b about 3 mm. From the
observed systematic curving of several striae near the front face in the
upper portion of section b, the liquid layer is seen to have been a frac-
tion of a millimeter thick. Thicknesses of several tenths of & millimeter
for the 1liquid lasyer and several millimeters for the aerothermal stress
shell are typical for conditions of tektite ablation. Section c, in
contrast to b, exhibits an aerothermal stress pattern throughout its

8 mm depth, 86 that in this case, there is no clearly demarked stress
shell. The difference between b and ¢ is due to different aerodynamic
heating conditions; b was heated at a higher rate for a shorter time
(stagnation enthalpy of 2100 cal/gm for 1l sec) than was c (1700 cal/gm
for 20 sec). They were cooled under similar conditions after ablation
termineted; hence, the slower rate and longer heating resulted in a
deeper penetration of the thermal stresses. In an entry flight short
heating pulses arise from steep entry angles or high entry velocities,
and are accompanied by high rates of cooling following the termination
of ablation. It follows, therefore, that the Javanites in figure 3
definitely have been heated for a shorter time during atmospheric entry
than has the australite. The interpretation of this result is that the

Javanites entered the atmosphere at a steeper angle than the australite.
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Same varisbles other than entry angle which affect the magnitude
of thermal stresses and the thickness of the stress shell should be reé-
ognized. For a given modulus of elasticity, the residuasl thermal stress
will increase with an increase either in the coefficient of thermsl expan-
sion « or the characteristic dimension L. The stress increases with
size because the temperature change from annealing to embient temperature
is -independent of size, while the shrinkage during cooling is proportional
to alL. The principal variable affecting o is the silica content of
the glass: a(cm/cm OC) increases fram TX10™7 for pure silica to about
29%10°7 for tektite glass of 80-percent silica, to 42107 for 65-percent
silica. Shrinkage propartional to al. implies that for sufficiently
small tektites the thermal stresses will be within the strength limit of
the glass, while for sufficlently large tektites they will exc;aed that
for fracture. In view of the earlier comments about the effect of entry
angle, it 1s to be expected, therefore, that large tektites of low silice
content descending steeply into the atmosphere will experience some form
.of spontaneous frsgmentation, or spallation, of the aerotherﬁra.l stress
shell; and that this would extend to depths of several millimeters below
the surface at the stagnation point.

Natural spallation leaves core shape and removes principal aero-

dynamic evidence.- Ample evidence that the aserothermal stress shell

spontaneously spalls from core-size tektites, is provided by laboratory
experiments and by tektite observations alike. As illustrated in fig-
ure 4, one-half of the stress shell sometimes spalls, leaving a clear
indication both of the stress shell profile and the core shape ﬁich

would be produced if the remaining half of the shell also were to spall

fraom the core. Exsmples of half spallation have been observed in most
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of the tektite collections in Australia. The natural tektite in figure k4
represents G.B. 1406, a Port Campbell australite with Rg = 1.2 cm and
p = 2.37 (approximstely 80-percent silica). On well-preserved australites
that are somewhat larger than G.B. 1406, or lower in silice content, the
spallation is more camplete, and only small portions of the stress shell,
called "indicators" by Fenner, remein attached to the core. An excellent
example of this is provided by S.A.M. 622 illustrated in three views in
the lower row of figure 5. Also shown for‘ purposes of comparison 1s one
of our models (STG1-S) from which five pieces of stress shell spalled.
This model was ablated at a higher heating rate and for shorter duration
than the model in figure % which only half spalled. Still larger tektites
than S.A.M. 622, such as the three illustrated in figure 6, invariably
reveal that complete spallation occurs: no portion of the serothermal
stress shell remains attached to these large cores. Stress shell spal-
lation would occur either late in flight after ablation terminated, or
upon landing (the largef the size, the greater the terminal velocity of
:all, and the more severe 1s the impact upon striking the earth's sur-
face). | |

A particularly informetive australite core is W.A.M. U455, repre-
éented in three views at the top of figure 6. This is the largest
australite (218 gm) examined by the author, and, prior to a recent
find of a 238 gm specimén described by Baker (1962) was regarded as the
largest australite known. Two characteristic features of well presérved
tektite cores are exhibited clearly by this specimen: (1) a sharp equa-
torial rim.produced when the stress shell fractured fram fhe core; and

(2) an essentially different type of sculpture on the opposite faces of



the lens-like core. It is concluded that the many "worm grooves" on
the face from which the stress shell spalled (view at left in fig. 6)
definitely are the result of proloﬁged terrestrial exposure, for such
grooves are not observed in any of our experiments wherein the spalla-
tion 1s fresh; and they could not have been produged’by»aerodynandc
phenomena, since the entire aerothermal sfress shell containing the
aerodynamic markings - including fldw waves and schematically distorted
striae - has spalled away. That these worm-1ike grooves occur seléc-
tively on the side which faced forward during flight, rather then on
the base, is attributed to a selective eécﬁing'of the spalled face
which contains different stresses than the posterior surface which

did not spall. It is emphasized that such grooves, yhich are common
on billitonites and philippinites, are also.clearly exhibited on some
australites. The only difference 1s one of degree, either in preva-
‘lence or in size'of the worm gréoves, apd this may be attributable
mainly to different geological environments during the period of pro-
longed etching, coupled perhaps with differences in angle of entry into
the earth's atmosphere.

The principasl point illustrated by the photographs of three cores
in figure 6 is that there is no real difference in the external form
of, or the serodynamic evidence revealed by, tektite cores fram either
Billiton (B.in fig. 6), the Philippines (P), or Australia (A). There
is clearly some aspecf of unity behind the'preseﬁce of such étrikingly
similar shapes from the southern to northern extrepities of the

Australssian strewnfield. For a given size and silica content, cores
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without any portion of the aerothermal stress éhell attached are
apparentiy universal in the Philippines and Billiton, dominsnt in Jéva_.
and less prevalenf, in Australia. One interpretation of this, compatible
with the aerodynamic evidence for lunar origin of the austré].ites s 1s
simply thet the angle of entry of the tektite swarm wvas steeper in Java
and regions farther north, than in the southern regions. Under such
circumstances, the aerothermel stress shell would have spalled from all
tektites but those of very smell size (less then 1 cm, Judging from the
Jevanite evidence); and, being only a few 'xﬂillimeters thick, this shell
would have been etched into éblivion in regioné such as Billiton and the
Philippines where the extent of etching, as measured by the width of
deep U-grooves, typically is the order éf 1l or 2 mm.

In view of the evidence that a shell of seﬁral millimeters
thickness has spalléd from most Australasian tektiteé , 1t is to be
~expected that fragments of these shells should be fouﬁd in those areas
where terrestrial etching @nd sbrasion have not been too great. Numerous
fragments of stress shell are, in fact, found in tektite collections in
Austra.iia » especially in that of the South Australian Museum which
includes several hundred such fragments (meny from the Nullarbor Plain).
The largest stress shell fragments that the author 'has seen, however, are
from Sangiran, Java. These are illustrated in figure 7. Among a handful
of fragments obtained from one individual at Sangiran, the three largest
were found to have the same specific gravity (2.4355 £0.0005) and to fit
mutually together into a shield-like shell. The assembly of pieces indi-
cates that they spalled from & rather large tektite (fig. 7). Since the

mating edges exhibited a pronounced etch pattern of internal striae, as
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pronounced as on almost any javenite surface, it is certain that the
fragmentation took piace long ago. Since they were found in mutual
proximity, and since the wave crests are sharp on the irregularly
meshed pattern of serodynemic flow ridges covering the convex side of
each fragment, it follows that the fragmentation took place either upon
landing, or shortly thereafter, and that terrestrial transportation of
these javanites could not have been very great.

Thus far it has been demonstrated from observations of external
sculpture that the principsl serodynamic evidence is removed fram &
tektite when the stress shell spalls. Observations of internal struc-
ture fully confirm this view, as may be seen from the thin sections in
figure 8 which were photographed between cross-polerized sheets. The
crack visible in thin-section a, which was sliced from a model ablated
by serodynemic heating, clearly outlines the form spallation has teken
in this case. A precisely similar form of spellation from an sustra-
lite fragment (S.A.M. T43, NMullarbor Plains) is represented by thin-
section b. Clearly, the pronounced aserothermel stress bands, the
ring waves, the flanges, and the systematically disturbed striae, all
are removed along with the shell when it spalls off. Thin-section ¢
corresponds to a model of synthetic tektite glass that wes heated at a
high rate for a short time, and extensively spalled upon being cooled.
A portion of stress shell which spalled has been replaced in its ariginal
position. This shell is rather thin and reveals an unusually close spac-
ing between fringes, as would be anticipated for conditions of high

thermal stress. The dark core shape is characteristic of the lens-like
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shape with sharp equatorial rim that is found on well preserved tektite
cores. Since this core region reﬁains dark as the thin section is rotated
in its own plane between the cross-polarized sheets, it has not been
stressed appreclisbly by the aerodynamic heating on the front face. Thin-
section d in figure 8 has been sliced from one of the fragments of java-
nite spallation shell photographed in figure 7, and clearly reveals that
the characteristic stress bands associated with aerodynamic heating have
been remofed with this éhell when it spalled.off, as have been the waves
of flow ridges and the thin melt layer'just underneath the flow ridges.

It cannot be expected, therefore, that tektite cores formed by spallation
will reveal any gi;ggg.aerodynandc evidence. Meridional thin sections

of four such cores, one from Australias, one from Billiton Island, and

two from Isabele, Philippines, as illustrated in figure 8, reveal the

same general pattern of over-all strain. Such patterns are not tﬁose
induced by severe gerodynamic heating on the front face, but may be elther
those produced upon cooling in space after the first heating, or fhose
induced by the aerodynamic heating on thé base surfece. These mutually
simllar patterns clearly point to & common history of formation for austra-
lite, billitonite, and philippinite cores.

Continuity of tektite core sculpture.- From observations of many

thousands of Australasian tektites it has been concluded (1) that the
centers of greatest tektite concentration virtually are useless insofar
as concerns studies of aerodynamic evidence, or even studies of primary
shapee, and (2) that there is a systematic progression, or continuity,

in core sculpture across Australasia.
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That the greatest concentrations of tektites have been brought about
by terrestrial transportation, and are productive principally of thoroughly
worn tektite pebbles, can be i1llustrated by the examples‘ of Manils Bay |
and Ieke Wilson. The australites from Ieke Wilson are found in great
abundance - one per square foot in some places (as noted in a memorandum
of J. E. Johnson on file iﬁ the tektite collection of the South Australian
Museum). The surface of this dry lake now serves as a repository fqr nﬁzl-
titudes of australites that long ago were washed down along lines of water
drainage from the slopes of the Menn Range nesrby. Thus far the suthor
has examined about 1800 specimens from leke Wilson,. a few of which are
photographed in figure 10; none exhibit evidence of ring wéves or flanges.
A few core-like shapes are found, usually with a well worn equatorial
reglon in place of the sharp rim found in other areas where little trans-
port ha.'s teken plece. (Specimen & in fig. 9 18 one of the least worn of
these cores.) The processes of terrestrial transport has obliterated
the direct serodynamic evidence of ring weves and flanges, as mey be
deduced from the resemblance of most Leke Wilson specimens to stream
worn pebbles. A precisely similar situation exists in regard to the
Philippine tektites found 1in extraordinsry numbers around ManiLah Bay.
Some examples fram the Ortigas site, kindly ﬁresented to us by
Mr. Francisco Ortigas, Jr., are also illustrated in figure 10. Any
record of aerodynamic evidence that once may have thinly covered the
surfaces of these philippinites from Menila Bay has long since been
replaced by a record of terrestrial wear and etching. It is evident

that in meking observations of the variations in core sculpturing and

in primary shapes across Australasia, localities such as Lake Wilson and
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Manila Bay can yield little information. In the Philippines the tektites
found at Isabela are less worn, and are employed herein for such
observations.

That there 18 & systematic variation across Australasia in the types
of primary core shapes is illustrated by the photographé in figure 11.
Here the side views of 28 different tektites are presented, each of which
represents a tektite cofd that is either round in plan form or nearly
round. * They are arranged in four rows of sevén tektites each, of which
represents a tektiﬁe core that is either round id bian form'or nearly
round. They are arranged in four rows of seven tektites each, with cores
from Victoria, southeast Australia, in the top row; cores from the extreme
southwest of Australia in the second row; cores from Issbela, Philippines,
in the third row} ahd cores from Billiton Island in the bottom row. All
cores are oriented in the attitude corresponding to flight vertically
downward with the base at the top, and the surface from which the aero-
thermal stress layer spalled at fﬁe bottom. 'The cores from southeast
Australis invariably exhibit a smoothly curved base, forming a segment
of a sphere in many cases. Such regular shapes are indica%ive of pri-
mary formation at a relatively high temperature, where the glass viscosity
was sufficlently low for the weak forces of surface tension to contract
any surface irregularities into smoothly round contours prior to solidi-
fication. In the second row it is seen that, in contrast, the majority
of these cores does not exhibit a smoothly curved base. tocalities for
this second row encompass a region within about 200 kilometers from
Kulin in the southwest portion of western Australia. In this areas,
about two-thirds of the cores exhibit a base surface that is irregularly
contoured, often somewhat faceted in shape. But smoothly and irregularly

shaped bases alike are truncated by a sharp circumferential rim. Thus,
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little abrasion has taken place on these pafticular specimens, and the
irregular contours of the base surface are not to be attributed to pro-
cesses of terrestrial abrasion. It 1s conclided that the prima;y ;ektite
shapes in southwesf Australia commonly were rether irregular, in contrast
to the nearly perfect figures of revolution pre§a1ent in southeast Aus-
tralia. Since the average density 1s higher in the southwest, the silica
content is lower, and the viscosity would be lower for a given tempera- |
ture of formetion; this should promote rather than retard the formation
of smoothly curved primsry shapes. Consequently, it follows that the
temperature of formation of tektites in southwest Austrélia was lower
than that in southeast Australia.

Cores with irregularly curved bases are even more prevalent in the
Philippines and Billiton than in southwest Australia. Among about
200 billitonites examined, only two (U.S.N.M. 7761 and R.G.M. St9669b,
second and fourth from left, respectively, in the fourth row of fig. 11)
exhibited smoothly curved bases; and among several thousand philippinites

from Isebela, only one such was observed (U.S.N.M. 1915, second from

left in the third row). On this basis a qualitative ordering of the
temperatures of formation has been arrived at, with the highest temper-
ature in southeast Australia, and progressively lower temperatures in
southwest Australia, then Billiton, and finally the Philippines. The
continuity in core sculpture across Austfalasia 1s evident from the
examples of figure 11. |

It also may be seen in figure 11 that the core sculpturing in the
southwest part of western Australia more closely resembles that in the

Philippines than that is southeast Australia. Compare, for example,
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the lens-like cores second fram left in rows 2 and 3, and note the close
similarity of the three southwest australite corés in the right portion
of row 2 with the three philippinite cores just beneath them. It is
noted that several navels unmistakebly are exhibited on australite
W.A.M. 12074, situated at the extreme right :Ln row 2. Such navels are
common on philippinites and billitonites, and this situation is parallel
to that previously described in relation to the worm grooves. | The simi-
le;rity in core sculpture cbserved between tektites from the Philippines
and southwest Australla is to be viewed in the light of previous evidence
of coincident chemistry a.nd of coincident population polygons between
these same two regions; these two widely separated groups of tektites
obviously are from separate portions of onel and the same cluster.

The qualitative deductions outlined above, of a progressively
lower temperature of formation from the southeast to the narthern por-
tions of the australasian strewnfield, have been substantiated by inde-
pendent lsboratory experiments which enable the deductions to be placed
on an approximate quentitative besis. In the far northwest of the
strewnfield the dominant sheapes are teardrops and other severely stretched
forms. Such shapes result vhen a molten gless mess of very high viscosity
is disrupted into many component blobs as 1t cools. As part of our program
of research on tektites » experiments have been performed in which a mass
of molten glass was heated to different temperatures and ejected into the
atmosphere at different velocities. These experiments were conducted by
my colleague, Mr. George Iee. In 'one experiment glass was ejected into
the air at a sufficiently low velocity (several m/ sec) that the digruption

was dominated by surface tension forces rather than serodynsmic pressure
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forces. The glass was ejected out of a tube from & vantage point
sufficlently high (34 m) that the forms solidiffed prior to striking
the ground. When the glass viscosity was 2.8 poise, the distribution
of forms produ;:ed was similar to the distribution of primery australite
shapes in southeast Australia (Chapmsn and Iarson, 1963). When the
glass viscosity was 35 polse, however, mostly teardrops were produced,
and when reduced to 0.8 poise, almost all spheres were produced. These
circumstances are;ll.lustrated in figure 12. It 1s clear that the vis-
cosity of the fused parent materiel producing the southeast Asian tear-
drops was much higher than thet producing the Victorisn australite
round forms; the corresponding temperature, however, would have been
only slightly lower. Thus, for a viscosity of 35 poise, the femperature
woﬁld be ebout 2100° C, whereas for a viscoslty of 2.8 poise it would be
ebout 2600° C. These rough estimates of the temperatures of formations
of indochinites and australites, 'respectively, appear quite ressonable.
This indicated trend of lower formation temperatures for the northern
portion of Australasis agrees with the trend deduced above fram observa-
tions of the progressive variations in core shapes across the strewnfield.
In summary, thus far, it has 'been shown that the formation and
spontaneous spallation of an aercthermal stress shell is responsible for
the characteristic sculpture of Austraiasian tektite cores. Thus, billi-
tonites and philippinites » as well as australites and javanites, alike
have descended into the earth's atmosphere as rigid glass objects and
have been sculptured by aerodynemic eblation. The angle of enfry was

steeper in Java than in Australia. The progressive change in core shape
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fram Australis to the Philippines is compatible with the change from
dominantly round forms in southeast Australia to daminantly teardrop
shapes in southeast Asia; both changes indicate that the temperature of
formation was highest for the tektites that fell in southeast Australia
and lowest for those that fell to the north in the Philippines and south-
east Asia. These circumstances of tektite unity across Australasia, com-
bined with the observation of chemical identity between tektites from
southwest Australis and the Philippines - the same two areas which exhibit
essentially congruent population polygons - constitute firm evidence that

all the Australasian tektites originated in a single event.
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PART II - ATMOSPHERE ENTRY TRAJECTORIES AND ORIGIN

In view of the compelling evidence that a Bingle impact produced
all of the Australasian tektites, a determination of the origin of any
portion would provide the origin for all. It is fortunate that the
australites which fell in southeast Australia were simple figures of
revolution including .ma.ny spheres, because such shepes are amensble to
quantitative aerodynamic analysis. Ablation in hypervelocity flight
transformed these simple primary shapes into secondary shapes which
today exhibit an aerodynamic recdrd thet is sufficlently complete to
determine their entry trajectory and, hence, place of origin. Origi-
nally, two sources of aerodynemic evidence were employed for trajectory
determination: the amount of ablation at the stagnation point, and the
systematic dlstortione of internal strise within a thin layer Juét
beneath the front face (Chapmen, 1960). Subsequently, & third source of
evidence was developed, nemely, that éiven by the spacing between ring

waves on the front face (Chepmen end Larson, 1963). In this part of the
paper the previous aserodynamic evidence is suppleﬁ:ented in three ways:
(1) the ring-wave evideﬁce is sharpened through experiments in which the
ef:fect of varisble body forces on ring-wave spacing is evaluated;

(ii) the ablation evidence is refined through observetions which remove
any~ uncertainty about preentry turning; and (iii) a new source of evi-
dence is.tapped from experiments in which a rele:i:ionship between decel-~

eration in flight and flenge shape 1s established.
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Atmosphere-Entry Evidence Provided By Ring-Wave Spacing

The results of experiments on the aerodynamic ablation of tektite
glass (ibid., pp. 4329-4331) have shown that the principal variable
affecting the spacing between ring waves is the stagnation-point pres-
sure pg. Such circumstances are analagous to the behavior of waves
produced by wind over water: the stfonger the wind, the more prevaleht
are the waves. In a hyperveloc;ty entry, or in a laboratory experiment,
the "wind" over the front face will be determined meinly by the stagna-
tion pressure. Experimental data from ablation experiments with tek-
tite glass are presented in figure 13, and clearly show that the first
wave forms at e smaller dlameter as Py increases. The data are plotted
in ferms of the ratio of first wave dlameter D; +to front surface
radius of curvature Rp. It 1s to be noted that these data were obtained
under test conditions which match thg actual velocity and air density
that exist In flight at the termination of ablatlon, as well as the
actual size and material composition of austrglite buttons. The only
flight parameter not matched is the ratio of body forces Fp (decelera-
tion force in flight, gravitational force in the wind tunnel) to aero-
dynamic forces Fp; and a speclal experimental investigation has been
conducted to evaluate the dependence of D;/Rp on Fp/Fpo. Details
of this investigation are relegated to appendix A, since some aerody-
namic considerations are involved that may be as uninteresting as they
are unfamiliar to most readers of this journal. It will suffice here to
mention that, from l&ﬁoratory ablation experiments in which mechanical

similarity with australite flight conditions has been achieved (fig. 14),
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the effect of body forces in the most extreme case - namely, that in which
vide hat-brim-like flange is formed - has been shown to be eguivalent
to a reduction in stagnation pressure by a factor of about two (fig. 15).
The theoretical foundation for expressing the effect of body forces in .
terms of an equivalent factor in pg 1s outlined in appendix A.

At first it might appear surprising that the decelerational bhody
force in flight does not exert a greater influence on the ring-wave spac-
ing. These circumstances become more understandeble when it is realized
thet the deceleration is, in fact, produced by, and is directly propor-
tional to, the stagnation pressure; and that the velocity of ring-wave
propagation along the melt layer is an order of megnitude greater than
the velocity of the flowing glass leyer. In the region of the stagna-
tion point where the first weve forms, the experiments with glycerine
glass ablation showed the ring-wave velocity at any given distance x
from the stagnation point to be between sbout 7 and 10 times the com-
puted surface velocity w, of the receding glass layer. Since u(y) is
nearly an exponential function and u(o) = w,, this means that the r;i.ng-
wave propagation velocity is greateri than the mean velocity in the liquid
layer by about & factor of between 20 and 28. Under such circumstances
it is pictured that the driving forces of the external wind in combination
with the viscosity and thickness of the liquid layer are the major vari-
ables determining ring-wave spacing, and that the perturbations by body
forces of these reletively slow movements of this liquid layer are not

of major consequence to the relatively fast motion of the wave.
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With the effects of body forces on ring-wave dlameter evaluated,
the experimental data of figure 13 can be used to determine both an
upper and lower limit on the stagnation pfeésure which existed at the
termination 6f ablation in flight. For such a determinatién i1t 1is nec-
essary to know the range of D;/Ry values encountered in flight. Numer-
ous measurements of D;/Rp have been made on australites from the south-
west Victoria area. The results are presented in figure 16 plotted as a
function of the»amount of ablation y, determined in a manner described
subsequently. At one extreme of the dets ig a hiéh ablation group
(Ys about 1.2 cm) correspond;ng to & ring-wave range 0.7 < Dl/RF < 1l.2
whereas at the other extreme is a low-ablation group (yg &bout 0.5 to
0.6 em) corresponding to 0.6 < D3/Rp < 1.0. The D;/Rp range for the
high-ablation portion would correspond to Py = 0{3 atm in the absence of
significant body forces (see fig. 13); but the effect of decelerational
body forces in flight is to reduce ‘Dl somewhat, and therefore
Pgp = 0.3 atm would be an upper limit on the pressure which existed in
flight when ablation terminated on this group. Since the effect of body
forces on tektités corresponds to less than a factor of 2.0 in pressure
variation, the value pg = 0.15 atm would be a lower limit on the stagnation
pressure for this same high-sblation portion. The Dl/RF range for the
low-ablation portion, on the other hand, corresponds to bge = 0.6 atm as
an upper limit, and 0.3 atm as a lower 1limit. On the southwest Victoria
australites, the experimental evidence pertinent to trajectory determi-
nation from observations of ring-wave spacing shows, therefore, that
(1) all trajectories correspond to Psyp < 0.6 atm, and (2) that the high-

ablation portion corresponds to 0.15 < Pse < 0.3 atm, and the low-ablation
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portion to 0.3 < Pse < 0.6. These conditions on bgp are readily
converted into limlting conditions on the initial velocity V, and

angle y; of entry into the atmosphere, as will be seen subsequently.
Atmosphere -Entry Evidence Provided By Australite Geometry

The most important serodynemic quantity determined from study of
australite geometry is the amount of ablation that has taken place at
the stagnation point. Knowledge of this quantity enables certain con-
ditions sbout the entry trajectory to be compﬁted provided that the shape
is a round form, and that during éntry it remained in a fixed orientation
with 1ts axis of symmetry parallel td the flight path. Two complications
are involved here: (1) prior to entry, not all round form asustralites
were spheres, the only shape for which the amount of eblation readily
can be deduced; and (2) prior to entry some of the sustralites were
turning. The first of these complications has been circumvented (Chepman
and Larson, 1963) by measuring - with disl-indicator curvaiure gages and
circuilar-arc templates - the variation in curvature over the base of
numerous round-form australites, and then compiling data for trajectory
analysis only on those specimens which exhibit essentially constant curv-
ature over the base and which therefore were nearly spherical prior to
entry. The second complication has been circumvented by compiling enough
data corresponding to a given australite area to enable a selection to
be made of those specimens which either were turning about an axis paral-
lel to the flight path, or were not turning at all, and whose ablation
would be the same as that for fixed orientation flight. The procedure

and reasoning underlying such a selection are outlined in this section.
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Although most of the aus’pralites possessed an essentially fixed
orientation at the time ablation terminated, there is decisive evidence
that some tumbled, some wobbled, and some flopped during eblative flight.
This means that many asustralites probably were slowly turning prior to
entry. Australites commonly exhibit beautifully symmetric patterns of
ring waves on their front, and show no superficial melt patterns on
their base, thus bearing mute evidence that aerodynamic stability in
most cases had been achieved by the time sblation terminated in flights
In contradistinction, a very small percentage exhibits an irregularly
meshed pattern of waves over most of their surface, and superficial melt
patterns elsewhere, thus revealing equally certain evidence that they
wez:.} still tumbling or wobbling when sblation terminated. Three illu-
strative examples of the latter are presented in figure 17, where three
views of each specimen are shown. The specimen photographed in the top
ch)w (S.A.M.956 from central Australia) is covered over its entire surface
with an irregular mesh of flow ridges.. Its slight flange provides an
indication of its orientaetion when ablation terminated. This specimen
evidently tumbled throughout the eblative phase of its entry. A suffi-
cient rate of preentry rotation ebout an axis inclined to the flight
path would produce such & configuration. The broken dumbbell in the
second row (S.A.M. 1181 from Kingscote, south Australis) and the com-
DPlete elongate specimen in the bottom row (S.A.M. 443 from the Kalgoorlie
district) provide good examples of preentry turnihg which was almost,
but not quite, damped out when ablation stopped. These two specimens

exhibit the irregularly meshed pettern of flow ridges mainly on one
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side, the opposite side of which reveals the contour of the primary
shape marred in a few places by spots of melting, but otherwise indicative
of the shape before entry.

. In addition to the evidence of tumbling or wobbling, as revealed by
patterns of irregular meshed flow waves, evidence of same other type of
turning in flight also is revealed by an unusual type of flow wave pat-
tern that has been observed. Three views of an australite with ring
waves and other flow ridges clearly exhibited on both sides are presented
in figure 18. The wave patterns on each side of this tektite are sur-
prisingly regular, indicating that both sides faced forward at different
times in flight, possibly as a result of a rather sudden flopping at some
stage during entry.

If a tektite turns during entry the meximum depth of sblation is
greatly reduced. From measurements of the base curvafure on the two
elongate specimens of figure 17, the‘maximum amount of ablation of the
front face turns out to be only yg = 0.28 cm for S.A.M. 1181, and 0.21 cm
for S.A.M. 443. On other specimens examined, it is only 0.1 cm, but usu-
ally is about 0.2 cm for elongate specimens that were not oriented in
flight. Depths of gblation of this magnitude are very much less than on
most buttons (1 cm average for ys) because turning distributes the locally
severe stagnation-point heating ali around the specimen. Only a small part
of this difference in ablation (between 0.2 and 1 cm) is due to the inher-
ent difference between sblation of an elongate and of a sphere, since
stagnation-point heating is only 30 percent less on an elongate than on
& sphere. The major part of the difference is attributed to the fact

that, as an object turns about an axis transverse to the flight path,
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the average heating rate at any point on the body would be only about
one-fourth that at & stagnation point; moreover, the average pressure
gradient is not always directed in a manner which would consistently
remove melted glass, as it is in the case of a fixed orientation, but
instead is reversed intermittently at each turning; also, the average
pressure at any point during turning is much less than the stagnation
pressure. Thus these circumstances combine to produce only 2 mm of
ablation on a turning tektite, in contrast to 1 cm on one not turning.
Consequently, unless careful attention is payed to this problem, con-
siderable error can be introduced into a determination of the entry
trajectory from a given amount of sblation. In the investigations of
Adams (1963) and O'Keefe (1963) the complication of preentry turning in
affecting the amount of ablatibn has been overlooked.

It is possible to select from a sufficiently large sample of tek-
tites on which sppropriste measurements have been made, a certain por-
tion for trajectory analysis that is free from uncertainties about pre-
entry turning. The sppropriate measurements on one such sample fram
Victoris already have been presented (fig. 16). Prior to entry, either
(a) none of these primery australite spheres were turning in a fashion
affecting ablation, or (b) at least some were turning in such a fashion.
If (a) is the case, then a.ny specimen of the total sample can be ana-
lyzed.- for its euntry trajectory, and, in particulax: , the high-sblation
portion (yg about 1.2 cm) would camprise a valid group for trajectory
analysis (so also would ti’xe low-ablation portion in this event). If
(b) is the case, then those which were turning transverse to the flight

axis would ablate less, and the high-ablation portion would represent




those turning parallel to the flight axis combined with those not
turning. Since turning parallel to the flight path does not have any
appreciable effect on the amount of ablation, it follows that in either
event (a) or (b) the high-sblation portion represents a valid group for
which thé entry trajectories can be camputed free from uncertainty about
Preeentry turning. The low-ablation portion would give only a lower
limit on the amount of ablation. Before presenting results of trajec-
tory determinations for both of these groups, however, a brief account
will be given of some new experimental evidence pertaining to the entry

trajectories of australite buttons.
Atmosphere-Entry Evidence Provided By Flange Shape

The deceleration forées encountered in flight have a major effect
in determining the flange shape: the greater the deceleration the
flatter the flange. These forces are opposed by surface tension forces
which tend to round the flanges. Surface tension of tektite glass is
sufficiently high (390 dynes/cm, as measured from sessile drop experi-
ments at the Ames Research Center by Mr. Frank Centolenzi) that a drop
at 1 g readily stands 6 mm above its supporting surface. ‘Since fianges
before solidification were toroidal drops of tektite glass flattened to
the order of 1 mm equivalent height, it follows that the tektites were
experiencing much more than 1 g deceleration when the flange solidified,
and that the flatness of the flange gives a measure of this deceleration.

In order to obtain quantitative values for the decelerations |
encountered by australite buttons - and thereby obtain new quantitative

information on the velocity and angle of entry into the atmosphere - some
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experiments pertaining to flange shape haveibeen conducted in a centrifuge.
Since a full description of these experiments, which have been performed
by my colleague, Mr. Normasn Zimmerman, would swell the several paragraphs
'which follow into the proportions of a separate paper, only a brief account
is given here.

The experimental technique that has been developed is rather novel,
and requires some explanation. A ring of mercury first is poured around
the circumference of a spherical segment of metal resting with its base
on the bottom of a centrifuge bucket. A mixture of silicone rubber and
catalyst.is poured into the bucket, and the centrifuge then spun at a
constant number of g's until the rubber has set. From the rubber mold
g cast is made and meridionally sectioned to reveal the combined pro-
file of the spherical segment with its surroundiﬁg toroidal flange. A
quantitative evaluation of the data obtained requires knowledge of the
surface tension of mercury immersed in siiicone rubber, and this is
determined experimentally by the sessile drop method. The mercury
flanges were of the same dimensions as those on typlcal sustralites,
s0 that a mercury profile formed at some particular deceleration value‘
GHg would correspond to a tektite-glass profile formed at a value G
equal to GHg(pHgT/pTHg), where THg and pHg designate, respectively,
the surface tension and density difference of mercury in silicone rub-
ber, while T and p designate the corresponding quantities for tektite
glass in air. The net result is Gp =7 GHg.

Some flange profiles from the centrifuge experiments are compared
in figure 19 with the profile of an australite button. At the left are

photographs of five meridional sections which illustrate the progressive
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flattening of the flange as the body force in the centrifuge is increased
fram 7 to 280 g's. These g values would correspond to the deceleration
of tektite glass in flight. By extrapolation of the trend exhibited in
these examples, a tektite~flange profile for 1 g would be expected to
be essentially circular; and this is indeed observed in our ablation
experiments with tektite glass. The physical conditions in the centri-~
fuge experiments differ from those in flight in one important respect.
In flight a supporting base for the flange melt exists only inboard of
the diameter D, of the lens-shapéd core. Outboard of this diameter
the flange can be bent either upward or downward depending on the rela-
tive magnitude of the serodynamic and deceleratlion forces in this outer
region. The portion of flange inboard of D., and especially in the
immediate region of the inner diameter of the flange, is not signifi-
cantly affected by aerodynamic forces since these are very small in the
low-pressure region bebind the base, and since the solid core provides
protection from the aerodynamic forces on the front face. Consequently,
only the inner portlon of an sustrslite flange can be compered with the
centrifuge experiments. At the right in figure 19 a close-up of this
region for an australite button (G.M.M. 8355 from Uralla) is compared
with the corresponding close-ups from the centrifuge expériment. It

is evident that the degree of flange flattening on this australite is
only slightly less than the experimentsl profile for kg g's, and would
be equivalent to about 45 g in flight. Flanges on australites from
Victoria correspond to a somewhat smaller value of about 30 g, which is
used subsequently 1n determining one 1limit on the trajectories of the

high-ablation portion of Victorian australites.
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It is important to observe that the number of g's deduced from a
comparison of tektite flange and centrifuge model corresponds to the
deceleration which existed when the flange solidified in flight. As
long as ablation is proceeding, the flange continually is formed from
fresh melt and is flattened to whatever degree is appropriate for the
temporally varying value of deceleration G. During an entry, G first
increases as the tektite descends into increasingly dense layers of air,
then reaches a peak, and finally decreases when the velocity has been
substantially reduced by the drag forces. In the velocity range of
interest, tektite glass does not stop ablating until the pesk deceler-
ation is passed; and the flange does not solidify until sometime after
ablation stops, since it takes a finite time to cool to rigidity. Thus
the final flange shape is formed when the deceleration is considersbly
less than the deceleration Ge which existed at the instant when ebla-
tion terminated. Therefore, by camparing australite flsnges with centri-
fuge experiments and deducing therefrom some value for Gp we obtein a
firm lower limit on Gp. The sctual value of Gp would be considerably
higher thén the lower limit so deduced.

Cambinetion of Evidence To Deduce Entry Trasjectories
and Tektite Origin

Computations have‘been mede of the range of initial entry velocity
Vi end entry angle 7y compatible with the observed amount of sbla-

tion on the high-ablation group of Victoria asustralites. The pertinent
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physical properties of tektite glass have been measured,* and the
ablation characteristics as calculated by two independent methods have
been shown to agree with laboratory experiments (Chapmen and larson,
1963) within a variation of &bouﬁ 110 percent in the amount of sblation.
Such a variation is equivalent to that represented by the high-sblation
group ¥g = l.1 cm to 1.3 cm. Results of the computations are presented
in figure 20(a) where the shaded regions designate areas in the Vi(74)
élot which are-excluded as being incampatible with the observed amount~
of ablation. Thus, below about 5 km/sec entry veloclity there would be
no ablation; below and to the right of the open corridor there would be
too little ablation; whlle above and to the left there would be too much
ablation. It is noted that the lower boundary corresponds to the lower
range (yg = 1.1 cm) of the high-sblation group as computed by a method
(designated II, ibid.) which tends to yield slightly low velocities,
whereas the upper bouhdary corresponds to the upper range (yg = 1.3 cm)‘
of this group as camputed by a method (designated I) which tends to
yield slightly high velocities. Consequently, for any given entry angle
the corridor so delineated provides both upper and lower limits on the
entry trajectories of these Victorla australites.

In camputing the amount of sblation it has been assumed that the

australite primary spheres were cool prior to entry into the atmosphefe.

*At the Becond Internationel Tektite‘Symposium some measurements pur-
ported to represent vapor pressure of tektite glass were presented by
L. Walter. His values for p, &re several orders of magnitude different
than the values used herein. Accordingly, a brief account of various
ablation experiments establishing the accuracy of the velues used herein
is presented in appendix B to this paper. It is shown there that the
use of Walter's values would result in very large errors in ablation
calculations.
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It is important to recognize that variations in the initial temperature
do not significantly affect ablation as long as the glass is cool enough
to be rigid. Meny large australite cores have a spherical-segment after-
body which, from considerations of aerodynamic stebility, could not be the
resulf of deformation by the aerodynamic forces to which they were sub-
Jected. Such cores, therefore, were not soft, but were rigid prior to
entry; and their initlal tempersture T; definitely was less than ebout -
1200° K, the softening tempereture under the deceleration conditions of
flight. Actually, T4 must have been considerebly less than about 920° K,
the strain temperature, in order to have produced spallation-prone tenslle
stresses - rather than compresslonal ones - in a shell under the front
face of these cores. .'Iha.t the amount of ablatlion is not significantly
affected by veristions in Ty in the range below the strain temperature,
is illustrated by the following calculations (for 7y = 11-50 s V1 =1 km/ sec,

Ro = 105 Cm):

Initial temperature Amount of ablation
Ty, %K Yg, cm
300 0.7h4
600 .80
900 .88
1200 1.01

Since the buttons analyzed herein are smaller than the cores, they would
heve been even cooler upon entry, and certainly cool enough that a kndwl—
edge of their exact initisl temperature is unimportant to the determina-
tion of entry trajectories from the observed amount of abletion.
Ablstion datae alone do not determine an entry fra,jectory. As 18

evident from figure 20(a), the entry velocity mey be as low as 8 km/sec
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if the flight path is essentially horizontal (sin 74 = 0), or greater
than 20 km/sec if it is vertical (sin 74 = 1), and still be compatible
with the observed amount of ablation. Some édditional and independent
type of observational data are required to determine the entry angle.
The observational data and laboratory experiments on ring-wave diameter
provide one such source of data: the pressure pge at the end of abla-
tion was between 0.15 atm and 0.3 atm for the high-ablation group.
Shown on the Vi(71) in figure 20(b) are the lines of constant pge

(for Rpg = 1 cm), fram which the boundaries have been determined of the
areas representing both too ﬁuch pressure and too little pressure to be
compatible with the observational data. (The value of pge 1s propor-
tional to the base radius within the narrow Rp range of 0.8 cm to

1.2 cm covered by the particular australites investigated.)

A lower limit on the deceleration Gs which existed at the termi-
nation of ablation, as noted earlier, is about 30 g for the Victorila
australites; and the Vi(7i) area excluded by this limit is shown shaded
in figure 21(a). The Vi(?i) point corresponding to the entry treJjec-
tory may be an&where in the fegion to the right and sbove the Gy = 30 g
boundary. In essence, therefore, the deceleration evidence shows that
the australites have not entered at very shallow angles, but this evidence
does not show how steep the entry angle might have heen.

A determination of both the entry velocity and angle is achieved
by superimposing on one Vi(>i) plot the various shaded areas excluded
by the combined aerodynamic evidence. Such a plot, shown in figure 21(b)

for the high-ablation group, yields a diamond-shaped domain: trajectories
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within this domain bounded by 10 < Vi(km/sec) < 15 and 0.2 < sin < 0.4
(corresponding to 12° < 71 < 250) would be compatible with the observa-
tional data on amount of ablation, ring-wave dilameter, and flange flat-
tening. Any point exterior to this domain would correspond to a trajec-
tory that is incompatible with one or more of the three types of evidence
for the high-ablation group of Victoria australites.

Knowledge of an australite entry trajectory determines the place of
origin of the Australasian tektites, for it is a simple matter to trace
an entry trajectory backwards. The significance of this aerodynamic
evidence is attested by the number of hypotheses of tektite origin which
are excluded by it. In the past a magnificent variety of hypotheses have
been advanced by scientists who were either unfamiliar with or unaware
of the modern developments of atmosphere entry physics; and to this date
new theories are still being casually suggested, and old ones tena-
ciously promlgated that manifestly are incompatible with aerodynamic
evidence that has been established by flight and lsboratory experiments.
It is of significance, then, to illustrate why the aserodynamic evidence
excludes hypotheses of origin which require either that the entry be
too fast (extrasolar origin), too slow (Antartica origin or origin
from any nearby continent), too shallow (parent body hypothesis), or
too steep (cometary focus-accretion hypothesis). A Vi(yy) plot is pre-
sénted in figure 22 on whichithe domains of various hypotheses are shown
in comparison to the domains delineated by the over-all aerodynamic
evidence. Computations for the low-ablation group of Victoria austra-

lites also are included on this plot. Because of the effects of preentry




turning, however, an upper limit on veloclty cannot accurately be fixed

for this group. éonsequently , instead of showing an upper-left boundary
line for the low-ablation group, its domain is terminated by a gradual
dimunition in shading as & reminder of these circumstances. From fig-

ure 22 it is evident that the aerodynamic evidence provides no support,
and, in fact, comtradicts: (1) an extrasolar origin (Kohman, 1958)

since the required entry velocities are too high (greater than 16.7 km/sec);
(2) the perent body ablation-drop hypothesis (Hardcastle (1926), O'Keefe
(1963), Adams (1963)), since the required entry conditions are in a thin
strip adjacent to thé overshoot boundary at entry angles much too shal-

low to be compatible with either the observed ring-wave spacing (especially
on the low-ablation group) or the observed amount of flange flattening
(equivalent to a G of more than 45 g on some australites); (3) the
cometary focus-accretion hypothesis (Iyttleton (1963)), since this requires
that the entry be verticel in the range 6 < Vi(km/sec) < 10, a range which
would not produce anywhere near the amount of ablation observed on the
high-ablation group; and (4) an origin fram Antartica (Cohen (1962)),

since such an origin also would not produce the observed amount of abla-
tion. Origin directly fram the moon, however, would correspond to entry
velocities slightly above 11 km/sec, and to any angle in the range

0.07 < sin 74 < 1 between the overshoot limit end vertical entry; and

such an origin is compatible with the aerodynamic evidence. It may be
noted that the trajectories determined for the 13 australites in the

high-ablation group and the 26 in the low-sblation group are much the
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same as those determined previously (Chapman and Larson, 1963) from
analysis of individual buttons in the Baker collection, and that the
end conclusion of lunar origin is precisely the same.

In regard to the hypothesis of tektite origin from some pléce on
earth, emphasis 1s placed on the monstrous aerodynamic obstacle to
the flight of liquid drops through the atmosphere. Our experimental
results have shown that drops of fused material of tektite size would
be disrupted by an aerodynamic pressure differential no greater than
that produced by a breath of air blown from a man's mouth (ibid., p. 4321).
Since it has been established that the tektites were formed molten, then v
cooled to a rigid state, and later entered the earth's atmosphere, an
extraordinary contradiction is enc&untered in postulating that molten
drops have flown unmolested through, and exited from, the earth's
atmosphere with velocity sufficient to overspread Australasia. This
contradiction, which has been discussed in greater detail previously
(ibid., pp. 4318-4321), constitutes the most fundsmentsl serodynemic evi-
dence for relecting the hypothesis of tektite origin from the earth, or
from any other atmosphere shrouded planet. Recently Zahringer (1963)
reported the detection of earﬁh atmosphere gases in the bubbles of certain
tektites from Indochina and the Philippines, but this does not mean that
tektites were formed in the earth's atmosphere; there is no real evidence
that the atmosphere could not seep into such bubbles during their many
thousands of years on earth, while there is ample physical and observa-

tional evidence that molten tektites could not pass through the atmosphere.
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PART III - MOON TO EARTH TRAJECTORIES

Ingsmach as the physical evidence from serodynamics points to the
moon as the place of tektite origin, and the petrographic evidence points
to impact as the mechanism of tektite formation, it is relevant to inves-
tigate both the probability of random trajectories going from the moon
directly to earth, and the geographic landing patterns which might be
expected of lunar impact ejecta. From a vantage point on the moon,
the earth's projected area subtends a solid angle that is only 1/15,000
of the Ux steradians subtended by the entire celestial sphere. This
simple geometric consideration has long misled meany scientists to the
expectation that this minute fraction would represent the approximate
probability of hitting the earth from the moon. Moreover, the earth's
dismeter subtends a linear engle of only 2° from the moon, and this
simple consideration similarly has lead to the additional expectation
that debris ejected from the moon would ovérspread the entire earth's
surface, rather than only a limited fraction or proportions comparable
to a tektite strewnfield. Shortly after the moon was first suggested
by Verbeek (1897) as a possible source of tektites, the intuitive
expectation immediately was voiced by others that such an origin seemed
too improbable to be reasonable. Similarly, shortly after meteoritic
impact on the moon was suggested by Nininger (19h3) as the mechanism
of sending the tektites to earth, the intuitive expectation was voiced
that such a mechanism would be incompatible with thé observed tektite
distribution. Recently Urey (1962) has voiced both of these expectations

without documentation by calculations of moon to earth trajectories.
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In the sections which follow these intuitive expectations are replaced
by results from digital calculations.

No attempt is made herein to compute moon to earth trajectories
to an astronomical accuracy. Inétead the motion of a tektite 1s com-
puted for & simplified earth-moon-sun model that is adequately realistic
for two limited objectives: (1) An evaluation'of the probability of
direct moon to earth trajectories and (2) a determination in the light
of present knowledge about hypervelocity impact ejecta, of the order

of magnitude of earth areal spread over which the principal portion of

such ejecta might land. For these limited objectives, the following
approximations have been made: spherical moon (1738 km radius,

1/81.31 of earth mass) orbiting within the ecliptic plane in & circle
384,405 xm distant from the earth (6378 km radius including atmosphere)
which is revolving about en axis perpendicular to the ecliptic. These
approximations are expected to yileld good results insofar as concerns
such things as the probability of earth hits from the moon, and the
Probability of various angles of entry into the atmosphere. The results
Pertaining to earth landing patterns of lunar ejecta are regarded as
valid only as regards the order of megnitude of their areal spread. The
precise patterns formed when lunar ejecta land on earth would depend
upon many things not considered in the simplified model, such as the
angle of the earth's axis relative to the lunar plane (this can vary
i280, 1230 of which are due to the inclination of the earth's polar
axis to the ecliptic, and *5° of which are due to the inclination of
the lunar orbit to the ecliptic), and the librational motion of the

moon (i7° in lunar latitude and +8° in lunar longitude).
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A novel feature of the present computations is the use of an
analytical aiming parameter in minimizing the computation time. Most
random trajectories from the moon would wildly miss the earth, and these
are readily determined in advance by computing, by a patched conic
method, the geocentric perigee for any given combination of lunar lati-
tude ¢, lunar longitude A, elevational ejection angle B measured from
the locel zenith, and azimuthal ejection angle & measured from the
local lunar east (lunar "east" is taken as true celestial east, not the
inverted east often used by astronomers). The machine program automat-
ically predetermines trajectories which would have & perigee far from the
earth and computes in detail only those cases which will go to the gen-
eral vicinity of the earth. With the use of this eiming parameter it has
been practical to make computations for a number of craters and with a
rather fine mesh of systematically varied increments in the elevational

and azimuthal angles of ejection.
Probability of Direct Moon to Earth Trajectories

Ten rather prominent rayed craters on the moon have been selected
for a study of moon to earth trajectories. The location of these lunar
craters, and an arrow indicating the approximate direction in which
ejecta would leave in order to have the greatest probability of landing
on earth are illustrated in the sketch of figure 23. Six of these craters
are in maria, and four in continental areas. From each crater 504 "shots"
were followed for each value of ejection velocity: at a given zenith
angle B, the azimuthal angle & was varied full circle in 5% increments

(72 different & values), and B was then varied in 50 increments from
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30° to 60° (7 @ifferent B values). Eight va.luesvof the ejection
velocity VE' were selected, so that the number of trajectories studied
for each crater is T72xX7TX8 = 4032. |

At certain velocities the fraction of trajectories which goes
directly to the earth is surprisingly large. For some craters (e.g.,
Bruno and Strabo) it is as high as about 1/15, as may be seen from the
probability curves presented in figure 24. Such a value is very much
greater than the value 1/15,000 assumed by Urey (1962), simply because
of the large effect of the earth's gravitational field in curving, then
focusing, and finally pulling trajectories into s collision path with
the earth. Only for an infinite ejection velocity would the fraction
1/15,000 be applicable, since in this extreme limit the trajectories
are straight lines, and intuitive expectations of probability based'on
the solid angle subtended by the earth at the moon's distance would
become valid considerations.

A calculation of the over-all probability, expressed as the mass
fraction of lunar crater ejecta which lands on earth relative to the
total mass which escapes the moon, can be made if the variation of
ejected mass mp with ejection velocity is known. In recent hyper-
velocity impact experiments, Gault, Shoemaker, and Moore (1963) have
determined this variation for cratering in basalt. Their results in
the velocity range of interest can be approximated'by mp proportional
to VEn, where n is approximately 3. Such a variation, when com-
bined with the computational results of figure 24, yields the following
values for the integrated mass-average probability P, that lunar

escape ejecta will go directly to earth:
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Pms

Crater percent
Anaxagoreas 0.7
Aristarchus .13
Bruno 1.6
Copernicus .9
Kepler R
Langrenus .9
Proclus T
Stevinus 1.5
Strabo 1.6
Tycho 1.0

Curiously enough, Bruno, which is situated on the back side of the moon
(103° E selenographic longitude) has a probability as high as any of
the craters on the front side. This provides a good example of the
precariousness involved in employing intuitive expectation, rather
then digital calculation, in the study of moon to earth trajectories.
The average value of P, for the ten craters is 0.9 percent, while the
average value for the entire lunar surface is 0.5 percent. This latter
value wes determined from computations wherein the lunar surface was
divided into equal ares meshes; the value of $ was held constant at
45° and the ® increments were 30° and 45° (these two & increments
yielded similar results). It is emphasized that this over-all lumar
average of Pp, = 0.5 percent, or l/éOO, is much higher than the value
of 1/15,000 which was obtained by neglecting the attraction of the
earth's gravitational force. This attraction results in a strong

geocentric focusing of trajectories leaving the moon.
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To this aﬁthor the most impressive example encountered thus far
of the dominating effect of the earth's gravitational fileld in
gathering up lunar ejecta and focusing it into its Fold is provided
by the crater Strabo. From this crater, at an elevatlonal angle
B = 45° and at an ejection velocity Vp = 2.55 km/sec, a remarkably
wide varistion in azimuth angle can be tolerated without missing the
earth: eJjetta leaving anywhere within an angular dispersion of 450 in
azimuth, from 5 = 280° to & = 325°, goes directly to the earth,
always landing in a rather narrow belt between 27° S and 419 N
latitude as measured relative to the lunar plene. When such c¢lrcum-
stances are recognized, it shoﬁld not be surprising, es shown in the
section which follows, that a Jet of only several degrees dispersion,
such as issues from hypervelocity impact craters, would not spread all

over the earth as has been intultively expected in the past.
Geogrephical Spread of Lunar-Ray Ejecta

Computetions have been maede of the approximate areal extent over
which crater ejecta from a lunar ray would be distributed on the earth's
surface. For each of the ten rayed craters, reference values of By
and ®; were determined which would yield trajectorles intercepting the
earth in the latitude range of Australasia. Both & and B were then
varied individuslly by constant amounts, AB = 2° and AB = 29, and addi-
tional computations made of the geographical pattern traced out for
various ejection velocities. An incremental dispersion in azimuth of

85 = 2° would encompass the angular spread of most lunar rays; and,
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according to the available mﬁact-crater experiments, an incremental
dispersion in elevation of A8 = 2° would represent the spread of the
princlpal portion of lunar crater ejecta that lands on earth. Gault's
experimental results show that, as material spews from a crater, the
zenith angle R variles systematically with the ejection velocity. In
the velocity range 3.5 to 2.5 km/ sec, which encompasses approximately
90 percent of the lunar-escape ejecta that lands on earth (see fig. 2W),
his experiments show p to be remarkably constant, varying no more

than about 2°. These aircumstances are sketched below. The 2° incre-

Goult's data

------ T Range for 90.% of lunar
ejecto that londs on eorth

60 90
Zenith angle 8

ments selected for angular dispersion of ejecta from a tektite-producing
event, therefore, correspond to observational evidence of lunar rays and
to experimental evidence from hypervelocity cratering.

It is not known how differences in scale, in impact velocity, and

in target material between a lunar impact and Gault's impact experiments
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would affect the over-all curve of Vg versus B. Consequently, it
is not assumed herein that the same values of B as measured by Gault
would exist for ejecta from the moon; but it is assumed that the same
order of megnitude of the variation in B with VE, over the Vg
range of interest, would exlst between the laboratory and the lunar
impacts. .

Although the earth subtends an angle of about 2° from the moon, a
dispersion of 2° in either ® or B ordinarily does not spread lunar
ejecta from one limdb of the earth to the other, because of a focusing
effect of the earth's gravitational field. Some representative results
illustrating the focusing effect are presented in figures 25 to 27.

The folid curves indicate the landing paths traced out by the ejecta

as the velocity is continuously decreased while P and 8 are held
constant. For the craters Anaxagoras and Strabo (fig. 25) it is seen
that a 2° variétion in 5 and B aﬁ the moon would displace the landing
position only about 30° of arc, on earth's surface, or about one-sixth
of the circumferential distance from 1limb to 1limb. For the craters
Proclus and Bruno (fig. 26) similar variations wodld spread ejecta over
a rather narrow latitude belt, but over a wide stretch of longitude.
For the craters Copernicus‘and Tycho the landing patterns are quite
different (fig. 27), and extend over an areal spread no greater than
the order of magnitude of the Australasién tektite strewnfield. In
general each crater has its individual landing pattern for any given
VE(B) relationship. However, because of the inclination of the earth's
axis to the lunar orbital plane, and of the precessional variation in

this inclination, the true crater landing pattern will vary with ejection
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time during the luner month, and with the ejection time during the
26,000-year period of the earth's precession. Consequently, the present
camputetions of landing patterns, which utllize a simplified earth-moon
model, provide only a rough indication of the areel spread of lunar rsy
ejecta over the surface of the earth. To this extent the above calcu~
lations are regerded es showing that there 18 no basic incompatibility
between the order of megnitude of the spread on earth of Australasian
tektites and that of 90 percent of‘the escape ejecta from a lunar ray
that happens to leave the moon along a trajectory heading towards earth.

It is interesting to compare one qualitative feature of the landing
paths for the various craters with the corresponding feature deduced
earlier from studies of tektite shape. As ‘noted previously, the high-
temperature portion of impact ejecta landed in Australia, and the low-
temperature portion in southeast Asia. Since the higher temperature
material presumably would have been ejected at the greater 'velocity , 1t
is to be expected that, as time progressed and the lunar ejection velocity
decreased, the landing path of the Australasian tektites tiaced from the
southerly latitude of Tasmania - northward through at least 65° of latitude -
to as far north as south China. The arrows on thé solid curves in figures
25 to 27 indicate the direction in which ejecta land as time progresses
and velocity decreases. For Anaxagoras and Strabo the traces sweep gener-
ally southeastward; for Proclus and Bruno generally eastward; for Copernicus
generally westward; but for Tycho generally northward through at least the
required 65° increment in latitude. It would appear worthwhile to investi-
gate in greater detall the possibility that the Australasiaﬁ tektites

might be "tychtites."
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In the foregoing, only that portion of the lunar escape ejecta
which goes directly to earth has been cénsidered. On a statistical
basis, about 200 times &s much material would miss the earth; and it
is an important questlon to inquire about the ultimate fate of these
misses. From the equai-area-mesh studies it has been found thet, after
100 days (the arbitrary time limit for trajectory termination), about
0.6 percent of these initial misses had returned to earth, about one-
fourth were in geocentric orbits, and about three-fourths were in
heliocentric orbits. The wltimate fate of the geocentrics is subject
‘to the progressive perturbations by the moon, while that of the
heliocentrics to those by the earth. It would require extensive digital
computations to establish with certainty the ultimate fate of the lunar
escépe ejecta which misses. In this regard, it is the writers view

that little is definite at present except that, on a statistical basis,

the secondary returns to earth would amount at least to the same order
of magnitude as the direct hits, and would ﬁe dispersed thinly over
the entire earth's surface rather than concentrated over areas of
continental proportions.

There are at least two reasons for viewing with great skepticism
the application to tektites of any result derived'from statistical
considerations. First, tektite producing events are rare: the known
events apparently span a period of over thirty-million years and are
too few in number (only three or four) to conétitute a8 good statistical
sample. Second, 1t may not be common for every ray from a crater, or
for every crater on the moon, to send into space escaping ejecta that
is similar to the particular tektite varlety which is glassy, high in

silica, and 1 cm to 10 cm In size. The known tektites are capable both
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of surviving atmosphere entry and enduring geological erosion; but

other lunar ejecta might not be. To illustrate this point more specifi-
cally, let us suppose that the silica content of portions of the lunar
crust 1s not high, but is as low as basalt, and therefore would produce
during an impact glass ejecta of much lower viscosity than tektité
glass. Then, whereas a jJet of fused tektite material would break up
into objJects of several centimeters size, a Jet of low silica glass
would break up into much smaller objects, estimated to be of only
several millimeters size. ObJjects of such small size and low viscosity
first would be melted throughout during atmosphere entry and then

would be broken up by aerodynamic forces into drops a fraction of a
millimeter in size. Thus, one would not necessarily expect any
recognizable remmant on earth of low-silica lunar ejecta, except per-
haps for occasional minute glassy spherules that managed to escape
dissolution by geological etching; these might be difficult to distinguish
from cosmic spherules of other meteoritic origin. Likewise still other
material related to the tektites, but not yet recognized as such, may be

distributed over the earth.
CONCLUDING REMARKS

Four principal observatlonal results have emerged from studies of )
Australasian tektites in various collections supplemented by experiments
conducted in the laboratory. These observational results are listed
below, followed by a brief statement of the'interpretations given to

them.
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(1) Tektites in southwest Australia are remarkaebly similar to,
and essentially indistinguishable from, those in the Philippines in
regard to their external shape, their specific gravity population,
and their major element chemistry; yet are readily distinguished from
tektites in southeast Austrelia on each of these three counts.

The interpretation of such observations is that separste portions of the
same melt mixture have been strewn from the southwest portion of
Australia to the Philippines. This negates various hypotheses which
have been advenced that the philippinites and the australites originate
from different impact craters. Furthermore, in the light of the recent
evidence from population polygons of specific gravity, and from the
previous evidence of K-A age determinations, it is concluded that all
of the Australesian tektites originate from a single impact crater.

(2) Australasian cores from Australia, Indonesia, and the
Philippines exhibit the same external sculpture as that obtained in
aerodynamic ablation experiments wherein rigid tektite-glass models
of core size are exposed to high rates of heat transfer: upon cool-
ing, an aerothermal stress shell forms and spalls spontaneously from
the outer surface leaving the characteristic core shape. Shell-like
fragmentes from Java and Australias, with flow ridges on the convex
side, exhibit the same internal stress patterns as fragments of
aerothermal stress shell produced in the laboratory.

The obvious deduction from these observations is that all of the
Australasian tektites descended into the earth's atmosphere in the
form of rigid glass objects that were ablated by aerodynamic heating

during their hypervelocity flight. Subsequent to their fusion and
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formation by impact heating, therefore, even the largest Australssian
tektites spent encugh time in space to cool by radiastion to a rigid
state prior to entering the earth's atmosphere and being subjected to
severe aerodynamic heating. Inasmuch as the spontaneous spallatioh of
the thin serothermal stress shell removes the principal aserodynamic
evidence from the tektite, this offers an explanation as to where the
aerodynamic evidence 1s for most tektites, aﬁd why such evidénce has
not generally been recognized in the past. This observation and experi-
mental evidence also constitute proof that the worm-like grooves found
selectively on the spalled front side of Australasian cores are not
directly aerodynamic in origin, but are the result of some terrestrial
phenomenon, presumably etching, which has acted selectively on the
spalled surfaces after the tektites landed on earth.

(3) The primary shapes of Australasian tektite cores change
progressively from smoothly rounded figures of revolution, universal
in southeast Australia, tc an intermixture with increasing proportions
of rather angular or lrregularly shaped objects in southwest Australia,
Indonesia, and the Philipfines. The prevalence of teardrop shapes
and larger tektites in southeast Asia relative to southeast Australis
is in harmony with laboratory experiments which show that the larger
sizes and the *teardrop shapes are associated withAan increase in the
viscosity of the glass - corresponding to a decrease in temperature
at the time of its disruption.

The interpretation given to these results is that the higher temperature
portion of the crater ejecta descended over southeast Australia and the

lower temperature portions were strewn progressively over the areas of
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southwest Australia, then northward through Indonesia and on to the
northern extremities of the Australasian strewnfield.

(4) Thin sections of tektites when viewed under cross-polarized
light clearly reveal that the depth of penetration of thermsl stresses
and the thickness of the aerothermal stress shell is considerably less
for javenites than it is for australites.

From these observations it is deduced that the javanites were subjected
to higher rates of heating for shorter durations than were the australites,
and have entered the atmosphere at steeper angles.

In addition to the results deduced directly from the observations
and experiments summarized above, this study has produced several
results from calculations of atmosphere-entry phenomena and of moon to
earth trajectories; The relisbility of the ablation calculations, it
shéuld be noted, has been established by numerous experiments in the
serodynamic laboratory. A summary of the over-all computational results
is given below, followed by a brief interpretation of their significance:

(A) Calculations of the entry trajectories of Victoria
australites as determined from the amount of ablation, the ring-wave
formation, and the degree of flange flattening are compatible with
an origin from the moon; these calculations do not involve uncertainties
sbout preentry turning, and they mske allowances from direct
experimental observations of the effect of body forces on the ring-wave
spacing.

The obvious significance of a lunar origin, when viewed in the light
of the many chemical similarities between tektite composition and average
earth crust composition, and in the contrasting light of the dissimilsr-

ities between the composition of the earth and other celestial objects

(namely, the meteorites and the sun), leads to the expectation that
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the oriéin of the earth's crust and the moon's crust somehow are intimately
interconnected. This situation stands in evident contradiction to the
principal idea about the moon's origin as advanced by Urey (1962a and
previous papers referred to therein), who believes the moon to be a
primary object composed of condritic-like, not tektite-like, material
which long ago was accidentally captured by the earth. At present the
author sees no way of reconciling the serodynamic evidence as to tektite
origin with the expectations of geochemists who believe that the moon
cannot possibly be the origin of tektites.

(B) The calculated probebility of lunar escape ejecta going
directly to the earth depends considerably on the velocity of ejection
and the selenographic position of origin: <the probability can be as
high as 1/15 for some craters at some velocities; on a basis of a
mass average OVér—all velocities, the probability i1s approximately
1/60 for these craters, and 1/200 for the entire moon.

The significance of such results is that they remove one of the
"objections" to a lunar origin for tektites which often has been raised
in the past; namely, that the probability for trajectories going from
the moon directly to the earth is too small. Previous estimates which
have yielded a value of approximately 1/15,000 for this probability
represent an oversimplifying premise of straight-line trajectories, and
yield a probability several orders of magnitude too low because of the
neglect of the dominating influence of the earth's gravitational field

in gathering in and focusing lunar escape ejecta onto its surface.



-59-
(C) A jet of material issuing from a lunar crater within an
‘ gzimithael dispersion commensurate with the width of the lunar rays
and within an elevationel dispersion commensurate with that indicated
by recent impact experiments would be spread over a fraction of the
earth's surface.
The significance of this result is that it eliminates anoﬁher obJjection
which often has been raised to the idea of a lunar origin of tektites;
namely, that such an origin would be expected to spread crater ejecta
all over the earth's surface rather than over dimensions comparable
with those of the known tektite strewnfields.

It is not suggested that all questionable points about the‘idea of
lunar tektite origin can be explained adequately at present. ﬁhat ulti-
mately happens to the 199/200 of the lunar escape ejecta which does not
directly hit the earth is unknown. The fate of the misses is connected
with the question of whether or not tektites are typical of the lunar
surface, or representative of only a fraction. Based upon the present
evidence, it is expected ?hag ejecta sufficieﬁtl; low in silica, for
example, would not be capable of forming large enough primary shapes, or
a glass high enough in viscosity, to survive atmosphere entry (except in
the form of small droplets). Extensive digital calculations would be
required to provide an adequate explanation of what the ultimate fate is
of the lunar escape ejecta which initially misse§ the earth. The calcula-~
tions made to date indicate that at least the same order of magnitude of
mass as that.which goes directly from the moon to the earth will later
be captured by the earth. Such secoﬁdary returns presumably would be

distributed essentially uniformly over the earth!s surface. To date, no
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rigorous documentation is known of stray material related to the Austra-
lasian tektiteg that has been found in a location that is grossly removed,
say, 6n the opposite side of the earth from the areas of the known tektite
strewnfields. But this circumstance does not meen that such strays are
not present on earth.

From a gynthesis of the over-all evidence a picture of the event
and the processes which prﬁduced the Australasian tektites has been
reconstructed as follows: The event was intitiated by the lmpact of a
large meteoroid on the lunar surface which formed a crater estimated
from total tektite mass and probability considerations to be in the
range from several to perhaps as much as 100-kilometers diameter. Two
separate étages involving different physical processes are envisioned,
both of which are relevant to the formation of tektites. The first
stage is one of violence and intense pressure, in which various com-
ponent rocks of the lunar crust are mixed, compressed, heated, andv
fused as they forcibly are moved in the same manner as a fluld is
moved vhen subjected to extremely high pressures. During this stsage
the fused mass is bounded on one side by a compressional wave propasgating
into the lunér crust, and is accelerated en masse to high velocities
before leaving the crater. Judging from impact experiments, masses of
fused materisl are spewed in discrete jets at various places around the
circumference of the crater, with each jet being confined to a small
azimuthal dispersion. The time scale of this intense pressure stage
is fhe order of a second. It is pictured that the heating is the
greatest in the early portions of this stage, wherein the propagating

wave is strongest, and that, as the propagating wave decays and moves
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material outward from the Impact center, the intensity of heating and

the velocity of injection progressively decrease. As soon as the fused
material is jetted from the surfacevof_the moon, however, & second

stage of physical processes begin, since this material is then suddénly
exposed to the vacuum of space. In the absence of external forces the
messes of molten material disrupt into myriads of blobs through their
oﬁn internal eddying motions coupled with the disrupting processes of
boiling, outgasing, and perhaps the shattering experience of passing

for & brief instant through a feeble blast of gases produced by volatili-
zatlon In the earliest stage of impact. Once launched into space, |
surface tension is the only constraining force tending to maintain the
shape of a glven mass of glass. The duration of this second stage -

the stage of blob formation and reshaping - would last the order of

from 1 minute to 10 minutes, depending upon the size of the fused blobs.
This stage would be terminated in space when the material solidified to
a rigid glassy state. The processes taking place in this second stage
determine the character of the primary shapes of the tektites. Since
the reshaping process takes place in a vacuum, it is possible for
eSsentially perfect spheres, as well as other véry delicate hollow forms,
to be produced. It is pictured, therefore, that the jet of material
leaving the moon is comprised of a trail of progressively varying shapes
and sizes. At the head would be clusters of nearly spherical shapes which
were heated to the highest temperstures and given the highest velocities
of ejection. These would be followed by clusters which %ere broken up
at a somewhat higher viscosity and formed thereby less regular shapes

'that generally were larger than the spherical objects. These, in turn,
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1)

wefe trailed or partially Intermixed with the teardrop forms, and the
large chunky tektite material, which represent the portion with the
lowest £emperature and highest viscosity of formaetion of the group.

The transit time during travel from the moon to the earth would be the
order of several days (2.5 days is a typical time)'and by this time

the jet string, which may hgve been only meters wide.at the moon, would
heve been dispersed to transverse dimensions comparable to those of
continents on the earth. The spherical forms would land first over

the regions of southeast Australia and would bé followed later by
landings of the less regular primary shapes in southwest Australis and
then still later by landings over Indonesia and northward on up to
southeast Asia and the Philippines. The angles of descent into the
atmosphere would be much steeper for the'objects which fell in Indonesia
than for those which fell in sdutheast Australia. Such a picfure
provides an explanation of how it is possible for one portion of a
melt mixture to land over southwest Australia and another portion of
the same mixture to land 5,000 kilometers awaey in the Philippines; and
it is also easy to understand how it is possible for the specific

gravity populations in Java and in Australia to be much closer to each

other than are various populations in different areas of Australia.

Tt is to be noted from the trajectory studies presented herein
that it also is possible for material to be ejected from the moon and
exhibit the required over-all landing pattern. Ejecta from the crater,

Tycho, for example, would spread from the southern latitudes in a
generally north direction across the equator to modest northerly latitudes

as the velocity of the ejected material decreases. Craters which exhibit
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landing patterns of this nature obviously warrant more detailed investi-

gation as possible origins of the Australasian tektites.
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APPENDIX A

ANALYSTS AND EXPERIMENTAL EVALUATION OF EFFECT OF BODY

FORCES ON RING-WAVE SPACING

A realistic experimentai evaluation of the dependence of ring-wave
spacing on body forces requires that both geometric similarity and
mechanicai gimilerity exist between the wind-tunnel model and thg tek-
tite in.flight. That geometric similarity has in fact been achieved is
clear from figure 14 wherein photogrephs of glycerin glass during abla-
tion are compared with two australites (S.A.M. 625 from Charlotte Waters
at the top, and U.M.G.D. 2575 from Tasmania below). These ablation
experiments with glycerin glass were conducted by Mr. George Lee, who
also has made measurements of the ring-wave spacing from photographic
records of the ablation process. That mechanical similarity also has
been achieved between wind tunnel and flight may be seen from a short
computation of the corresponding ratio of body to aerodynémic forces.

In keeping with the established procedures of experimental aerodynamics,
it is not necessary to duplicate the dimensional forces, but only their
appropriate dimensionless ratio. The body forces appear solely in the
momentum equation for the flowing glass layer

which expresses the balance of shear forces (left side) with pressure and
body forces (right side). In this equation y is measured normal to the

surface, x and the corresponding velocity component u are measured



parallel to the surface, u 1s the viscosity of the glass, p the
pressure, p the glass density, and a 1s the accelerational body
force per unit mass; & = -CpoV,2A/2m in flight, a = -g 1in & ver-
tical wind tunnel blowing upwsrds, and a = +g 1in one blowing downwards,
where Py is the ambient air denmsity, V,, the flight velocity, A the

projected frontal area, m the tektite mass, and g the earth gravita-

tional force per unit mass. The pertinent dimensionless ratio of inter-

est is
Body forces _FB_ _ _pax (2)
Aerodynamic forces =~ Fp dp R
ax - F

In hypervelocity flight dp/dx = -2poovm‘?x/RF2 , and in our subsonic ver-
tical wind tunnels dp/dx * -2.20V 2x/(D/2)2, vwhere D is the model
dismeter, and where pV,2 = 2(pg - p,) in subsonic flow. By making the

various substitutions it follows that

PR
- e ciA for hypervelocity flight conditions
Fy
i‘-zz

for wind-tunnel conditions blowing

l. pg(D/2)%
vertically upward

" B h(ps - p )Ry

(3)

A further substitution in equation (3) of the appropriate numerical
values of Rp, m, and A for the Victorian australite buttons of the size
analyzed herein (base radius from 0.8 cm to 1.2 cm) yields values of
Fg/Fp 1in the range from -0.% to -0.6. For models in the wind tunnel, the
values of FB/FA are varied by varying (ps - poo), and are reversed in

sign by inverting the wind tunnel. The two ablation configurations at the




top left in figure 1k correspond to a Fp/Fp ratio of about -0,7 and -0.9,
and represent somewhat more severe body forces than is appropriate for the
Victoria buttons, These particuler conditions, however, would correspond
to the most extreme examples encountered among australites, That the
values of this pertinent ratio in our wind-tunnel experiments corresponds
to the range encountered by the australites might have been anticipated
from the striking'congruence of geometric shape which has been achileved
between these laboratory experiments with glycerin glass, and the product
of tektite flight through the atmosphere. With geome@ric and mechanicsl
similarity established we now are in a position to evaluate with confi-
dence the influence of body forces on the ring-wave spacing.

Experiments on the eblation of glycerln glass have been conducted
in two wind tunnels: one blowing vertically upward producing FB/FA <0,
as in flight, and one blowing vertically downward producing Fp/Fy < O.
Under such conditions the ratio FB/FA has been varied over the range
from -0.9 to +0.3, which includes both the range of Victoria australite
buttons -0.4 < FB/FA'< 0.6, and the range of our arc-jet experiments with
tektite glass ablation -0.02 < Fg/Fp < 0. In figure 15 the domain of the
first ring wave, in terms of D;/Ry, is plotted as a function of Ps - Py
(in hypersonic flight P, 1s negligible relative to ps and customarily
is disregarded, but in these low-speed‘wind;tunnel tests p, must be
included). The two sets of data for upward and downw‘ard directed streams
are seen to be virtually identical for Pg - Dy > 0.006 atm. In this range
the values of Ry and D produced during ablation are such that FB/FA

would cover the range from about -0.1 to 0.1. Thus, in the range
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-0.1 < Fg/Fp < 0.1 there is no measurable effect of body forces on the
first ring-wave diameter. The erc-jet date of figure 13, therefore,
correspond to conditions of négligible body forces. At the extreme léft
portion of the data fof the upward directed Jet, the square dgte symbols
at 0.0021 atm and 0.0020 etm correspond to the two photographs in fig-
ure 14 at the top and second from top, respectively. We already have
seen that these represent FB/FA ratios of -0.7 and -0.9, respectively.
At the same values of pg - p,, the circle data symbols correspond to
Fp/Fp = +0.3. Values for Fg/Fj = O would be in between. It follows
that the effect ofvbody forces in flight (FB/FA < 0) at a given stagna-
tion pressure, is to produce ring waves of somewhat smaller diameter than
in the case of negligible body forces. The variation in FB/FA from
+0.3 to -0.9 produces s contraction of ring-ﬁave'diameter which is equiv-
alent to that produced when pg, -p, 1s changed by aﬁout a factor of
two. A conservative factor of 2.0 in pressure would more than account
for a wvariation from O of the arc-jet data to the extreme of 0.6 for the
Victoria australites, and such a factor is employed herein to obtain a

lower limit on Pse in flight.
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APPENDIX B
VAPOR PRESSURE OF TEKTITE GLASS

At the Second International Tektite Symposium two greatly
different views were expressed as to the magnitude of the vapor pressure
of tektite glass. In a paper presented by Dr. L. Walter, the temperature-

pressure relationship for incipient bubbling of tektite glass was deter-

mined, and this interpreted as the vapor pressure. In experiments

conducted at the Ames Research Center by Mr. F. Centolanzi, the rate of
vaporization of tektite glass was measured relative to that of silica -
a material whose vapor pressure is known to an accuracy adequate for
ablation calculations. The table which follows illustrates the extra-
6rdinarily large difference between the vapor-pressure function apv(b)
determined from bubbling observations by Walter, and the vapor-pressure

function py(fh) determined from rate of vaporization (mass loss, m) meas-

urements by Centolanzi.

T, %k Dpy(b), atm  py(m), atm
1900 0.34 0.000013
2300 1.0 .0025

The differences between the two functions are so great, in fact, that
there is no difficulty in telling from ablation experiments which of the
two is more appropriate for use in ablation calculations. Three independ-
ent tests are made in this appendix by comparing calculated results for
various vepor-pressure functions with experimental measurements of (1) the
surface temperature during ablation, (2) the ablation rgte, and (3) the

mass loss during an ablation experiment.
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APPENDIX B
VAPOR FRESSURE OF TEKTITE GLASS

At the Second International Tektite Symposium two greatly
different views were expressed as to the magnitude of the vapor pressure
of tektite glass. In a paper presented by Dr. L. Walter, the tempersture-
pressure relationship for incipient bubbling of tektite glass was deter-
mined, and this interpreted as the vapor pressure. In experiments
conducted at the Ames Research Center by Mr. F. Centolanzi, the rate of
vaporization of tektite glass was measured relative to that of silica -
a material whose vapor pressure is known to an accuracy adequate for
ablation calculations. The table which follows illustrates the extra-
6rdinarily large difference between the vapor-pressure function “p,(b)
determined from bubbling observations by Walter, and the vapor-pressure

function py(m) determined from rate of vaporization (mass loss, m) meas-

urements by Centolanzi.

v, %  by(b), atm  py(m), atm
1900 0.3k 0.000013
2300 1.0 .0025

The differences between the two functions are so great, in fact, that
there is no difficulty in telling from ablation experiments which of the
two is more appropriate for use in ablation calculations. Three independ-
ent tests are made in this appendix by comparing calculated results for
various vapor-pressure functions with experimental measurements of (1) the

surface temperature during ablation, (2) the ablation rqte, and (3) the

mass loss during an ablation experiment.




When tektite glass suddenly is exposed to an érc-Jet stream, the
surface temperature Increases rapidly with time and attains a steady-state
value within about 6 to 8 seconds. In our experiments (Chapman and Lerson,
1963) the energy radiated from the stagnation point Er_‘was measured con-
tinuously as & function of time, and is presented here for convenlence in
terms of the equivalent black-body temperature, or "brightness" temperature,
Ty, defined as Tp = (Ep/0)/%, where ¢ is the Stefan-Boltzmann constant.
The actual surface temperature T, 1s related to the brightness temperature,
and the emissivity €, through tﬁe relation Ty = Twel/4. During ablation
Ty exceeds Ty by about 200o to 300° C. For comparison with the experi-
ments, calculations have been made for a variety of vapor pressure functions,
including varioﬁs multiples of p () as well as the function py(b)
determined by Walter. In the table which follows measured values of Ty
(to the nearest 10°) are compared with values computed for different vapor-
pressure functions. The test conditions for these experiments corresponded
to stagnation conditions of: enthalpy 1370 cal/gm, pressﬁre 0.35 atm,

heating rate 86 cal/cifsec, and radius of curvature 0.95 cm.

Experimental data Calculated results
Model Ty, °k Vapor pressure Th, °k
STG1B 2010 0.1 p,(m) 1950
STG1A 1990 py(h) 1950
A231A 1860 10 p,(th) 1940
A286 2020 100 py(th) 1910
' 1000 py(th) 1830
Average 1970 p,(b) 1530

In comparison to the average temperature measured, namely 19700 K, the
values computed for vapor pressures within a factor of 10 from pv(ﬁ) are

seen to be in reasonable agreement, but the values computed for pv(b) are
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sbout 440° too low. This means that pv(b) is much higher than the true
vapor pressure of tektite glass, since there 1is no poésibility for an
error in the experiments as large as 440°. Consequently, if p,(b) is
used in aerodynamic calculations of tektite ablation, the computed
temperatures will be much too low, the viscosity much too high, the abla-
tion much too small, and the mass loss by vaporization much too high. The
experimental measurements described below show that these circumstances

do in fact exist.

Probably the most important eerodynamic calculatlon, as far as the
determination of tektite entry trajectories is concerned, is the computa-
tion of the rate of serodynamic ablation. The available experimental dats
on tektite ablation (Chapman and Larson, 1963) have determined the rate of
ablation for test conditions at the stagnation polnt of: enthalpy 2700
cal/gm, pressure 0.2 atm, heating rate 156 cal/cm®sec, and radius of
curvature 0.95 cm. Measurements were mede on 2 australite models, on 1
rizalite model, and on 1 model comstructed of synthetic tektite glass. A
comparison is made in the following teble of the measured steady-state
ablation rates with the corresponding calculated values for the different

vapor pressure functions:

Experimental data Calculated results
Model dYs/dt’ cm/sec Vapor pressure dyg/dt, cm/sec
AA10 0.06k 0.1 p,(m) 0.061
AA152 .065 Py(m .058
R258 .076 . 10 p,(h) Ok
STT72H .068 100 p,(t) .032

Average .068 p,(b) .020




In comparison to the average value of the measured ablation rate, namely
0.068 cm/sec, the calculated values for a vapor pressure of 0.1 p, (1) and

of p, (i) are in reasonably good agreement; that is, within the order of

10 percent, but the calculations for a vapor pressure of 10 p,(m) or greater

are in poor agreement with the experiments. The vapor pressure of tektite
glass, therefore, cannot be greater than about two or three times p, ().
The calculated ablation rate is only one-third of the experimental value,
and this is a direct proof that the vapor-pressure function pv(b) will
yield grossly incorrect results if used in aerodynamic calculations. (At
the tektite symposium E. Adams presented some ablation calculations based
on py(b).)

The third test from aerodyneamic ablation experiments is provided by
the integrated amount of vaporization; this quantity readily is measured
by weighing a model both before and after an ablation experiment. Such
measurements provide an excellent check on the vapor pressure, since the
rate of vaporization and the mass loss vary sensitively with the vapor
pressure. In our experiments, many runs the order of 8-seconds duration
were made and the mass loss by ablation carefully measured. The test
conditions for these experiments were: enthalpy 2330 cal/gm, pressure
0.37 atm, heating rate 175 cal/cm®sec, and radius of curvature 0.95 cm.
In msking calculations of the mass loss for a given model it is necessary
to make allowance for the variation in veporization rate over the front
face of the model. The ratio of stagnation-point vaporization ﬁs to the
average vaporization rate mgye was determined e#perimentally for models
of silica, and thls same ratio applied for the models constructed of tek-

tite glass. Such a procedure yields results which are good to about a
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factor of 2 in mass loss. In the table which follows the experimental
values of mass loss Am {(in milligrams) are compared with the correspond-

ing calculated values for various vapor-pressure functions.

Experimental date Celculated results

Model Am, mg Vapor pressure Am, mg

AAll 1.1 0.1 py () 0.1
15 .6 py(m) 2.1
21 1.0 10 py(m) 15
23 .9 100 p,(m) 31

sTev 1.4

SMA 1.4

SJU 1.3

S1CA 1.2

ST2AF .8

Average 1.0 py(P) 120

In comparison to the éverage value of mass loss, namely 1.0 milligrams,

it is seen that the computed value for the function pv(ﬁ) is in agreemenf
to within the factor of 2 to which the measurements are trusted. It is

also clear that computations based upon the function Pv(b) yield vapori-
zation rates which are too high by a factor of over 100. These experiments
show that the correct vapor pressure to use in ablation claculations cannot
be significantly greater than pv(ﬁ), and may be as much as a factor of 2

or 3 less.* There is no chance that in our balance measurements 0.1 gram
weights were mixed up with 0.001 gm weights. Aerodynamic calculations using

the vapor-pressure function Pv(b) obviously will be greatly in error.

*¥For this reason computations of the lower boundary for yg = 1.1 cm in
figure 20(a) have been based on p, = 0.5 p,(m), and the upper boundary for
¥s = 1.3 cmon py = py(d).




In addition to the three experimental tests provided by the
laboretory measurements of ablation phenomens, there is an observational
test which is significant t0 apply. Some of the australite buttons were
nearly perfect spheres before entry into the atmosphere, and now possess
a volume of flange material (melted during flight) that nearly fills out
the volume of the missing spherical segment in front of the central core
(ivid., fig. 9). From these observations, it is certain that melting,
and not veporization, was the principal mechanism through which ablation
proceeded during entry into the atmosphere. As noted previously (ibid.,
pp. 4431-4432), the fraction of Vaporiéed material relative to the total
aeblated, as calculated for the australite entry conditions for the vepor -
pressure funcfion pv(ﬁ), is the order of 0.25 at the stagnation point.
This would correspond'to the order of 1lO0-percent vaporizetion for the
entire front face; thaﬁ is, to ablation mainly by'melting - in agreement
with the australite evidence. If the calculations are made for the
vapor -pressure function pv(b), however, the calculated proportions sre
over 99-percent vaporization (because p,(b) is much too high) and less
than l-percent melting. Such calculated results manifestly are incorrect;
hence, calculations about the entry trajectories of the australites which
ére based upon the vapor-pressure function pv(b) will be grossly
unrealistic.

In the author's view there is a rather simple physical explanation
why the bubble-pressure function py(b) bears no relation to the true vapor
pressure of tektite glass. It 1s to be remembered that Walter determined

pv(b) by observing the pressure temperature conditions under which bubbles
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begin to appear in tektite glass; the gas which was forming the bubbles

was not analyzed. Bubbles formed as tektite glass is heated need not be
composed of tektite vapor; in fact, the first ones formed are not expected
to be composed of tektite vapor, but are composed, instead, of the gases
which have been dissolved within the glass and which begin to come out of
solution as the glass 1s heated. Under such circumstances, the observa-
tion of bubbles forming in tektite glass would be no more significant to
the boiling temperature of tektite material than the observation of bubbles

forming in soda water would be to the boiling temperature of water.
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TABLE I.- SOME CHEMICAL ANALYSES OF AUSTRATASTAN TEKTITES
Averages Individual anelyses
S.W. N.P. Florieton | Muong
Manilas Aust. Manila | Aust. Aust. Nong
a(13) + c(4) |b(7) a a ' b d
70.8 71.0 69.3 |69.0 76.7 76.9
13.8 13.0 4.9 |15.3 10.5 10.6
.6 o4 .5 4 .8 .6
h.hy 4.5 4.8 4.5 3.6 3.3
2.6 2.3 2.8 2.3 1.6 1.6
3.1 3.2 3.3 3.2 2.4 1.6
1.h4 1.& 1.3 1.6 1.1 1.4
2.4 2.4 2.5 2.5 2.1 2.3
.8 .8 .8 .8 .6 Rrd
————— S Nt e et
5000 km 1300 km TO00 km

b. Taylor (1962)

c. Chao (1963), analyst Cuttitta

a. Schnetzler and Pinson (1963)

d. Barnes and Pitakpaivan (1962), analysts Elmore, Barlow, Botts

and Chloe




FIGURE TITLES

Figure 1.- Distribution of Austrelasian tektites.

Figure 2.- Temperature distribution along axis of symmetry for various
times after ablation terminates in flight; V = 11 km/sec,lyi = 30°.

Figure 3.- Thin sections in cross polarized light of models ablated by
aerodynamic heating compared with natural tektites: a, b, ¢, syn-
thetic tektite glass; d, e, javanites from Sangiran; f australite
from Nullarbor Plains.

Figure k4.- Half spallation of aerothermal stress shell.

Figure 5.- Nearly complete spallation of aerothermal stress shell.

Figure 6. - Australasian‘cores with smoothly curved base and complete
spallation of aerothermal stress shell (A = W.A.M. 4455 from Lake
Yealering, western Australia; B = U.S.N.M. 77761 from Billiton;

P = U.S.N.M. 1915 from Isabela, Philippines).

Figure 7.- Fragments of aerothermal stress shell from Java.

Figure 8.- Thin sections in cross polarized light revealing strésses in
aerothermal stress shell: a, synthetic tektite glass model STG-2X;

b, australite fragment S.A.M. T43 from Nullarbor Plains; c, synthetic
tektite glaés model STG-2V; d, javanite fragment f¥om Sangiran.

Figure 9.- Thin secfions of Australasian tektite cores in cross polarized
light: a, australite from Lake Wilson AN22; b, billitonite BNk;

c, philippinite U.S.N.M. 1910 froﬁ Santiago, Isabela; d, philippinite
U.S.N.M. 1906 from Santiago, Isabels.

Figure 10.- Tektites from concentration centers.
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Figure 1l.- Side views of Australasian tektite cores.
(From left to right: Top row, N.M.V. E1986 Lake Wallace, N.M.V. 16869
Apsley, N.M.V. E1955 Kanegulk, G.B. core Port Campbell, N.M.V. 5205
Mortleke, N.M.V. 5211 Byaduk, G.B. 1070 Port Campbell, all localities
in Victoris;
Second row, W.A.M. 3491 Corrigin, W.A.M. 10671 Bullaring, W.A.M.
10643 Mt. Barker, private collection from near Narembeen, W.A.M.
12123 near Muntadgin, private collection from Kulin, W.A.M. 1207k
near Woyaling, all localities in southwest part of western Australia;
Third row, U.S.N.M. - 1908, - 1915, - 1910, - 1907, - 1910, - 2043, -
191k, all from Santiago, Isabela;
Bottom row, N.A. BN-1, U.S.N.M. 77761, R.G.M. St20838, R.G.M.
St9669b, R.G.M. St20837, N.A. ﬁN-h, R.G.M. St20974.)

Figure 12.- Dependence of primary form on glass viscosity at breakup.

Figure 13.- First ring wave dlameter from aerodynamic ablation experiments
on tektite glass.

Figure 14.- Ablation of glycerin glass under varying ratio of body force to
aerodynamic force.

Figure 15.- Effect of body forces on diameter of first ring wave; glycerin
glass.

Figure 16.- Variation of ring wave diameter with amount of ablation;
Victoria australites.

Figure 17.- Australites not aerodynamigally orientated at termination of
ablation.

Figure 18. - Three views of australite with ring waves on both sides

(8.A.M. 431; Kalgoorlie area).
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Figure 19.- Flange flattening with increasing deceleration.

Figure 20.- Entry conditions for high-eblation group of Victoris austra-
lites as determined from eblation and ring-wave dsata.

Figure 21.- Entry conditions for high-seblation group of Victoria austra-
lites as determined from deceleration and combinéd data.

Figure 22.- Comparison of aserodynamic trajectory evidence for Victoria
australites with various hypotheses of tektite origin.

Figure 23.- Ten rayed lunar craters investigated.

Figure 24.- Probability of direct moon to earth trajectories.

Figure 25.- Landing paths for 2° variation in lunar azimuth (8) and zenith
(B) ejection angle; Anaxagoras and Strabo.

Figure 26.- Landing paths for 2° variation in lunar azimuth (8) and zenith
(B) ejection angle; Proclus and Bruno.

Figure 27.- landing paths for 2° variation in lunar azimuth (8) and zenith

(B) ejection angle; Copernicus and Tycho.
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